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SUMMARY The clinical presentation of brucellosis in humans is variable and unspecific,
and thus, laboratory corroboration of the diagnosis is essential for the patient’s proper
treatment. The diagnosis of brucellar infections can be made by culture, serological
tests, and nucleic acid amplification assays. Modern automated blood culture systems
enable detection of acute cases of brucellosis within the routine 5- to 7-day incubation
protocol employed in clinical microbiology laboratories, although a longer incubation
and performance of blind subcultures may be needed for protracted cases. Serological
tests, though they lack specificity and provide results that may be difficult to interpret in
individuals repeatedly exposed to Brucella organisms, nevertheless remain a diagnostic
cornerstone in resource-poor countries. Nucleic acid amplification assays combine exqui-
site sensitivity, specificity, and safety and enable rapid diagnosis of the disease. However,
long-term persistence of positive molecular test results in patients that have apparently
fully recovered is common and has unclear clinical significance and therapeutic implica-
tions. Therefore, as long as there are no sufficiently validated commercial tests or studies
that demonstrate an adequate interlaboratory reproducibility of the different homemade
PCR assays, cultures and serological methods will remain the primary tools for the diag-
nosis and posttherapeutic follow-up of human brucellosis.

KEYWORDS human brucellosis, diagnosis, culture, serological tests, nucleic acid
amplification methods

INTRODUCTION
rucellae are small (0.5 to 0.7 by 0.6 to 1.5 um), nonmotile, non-spore-forming,
and slow-growing Gram-negative coccobacilli belonging to the Brucellaceae
family in the alpha-2 subclass of the Proteobacteria, together with the Mycoplana,
Pseudochrobactrum, Paenochrobactrum, Daeguia, Crabtreella, and Ochrobactrum
genera (1).
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Brucellae comprise facultative intracellular bacteria that infect a variety of feral and
domestic animals. The discovery of novel brucellae in recent years has considerably
expanded the genus, which currently comprises 12 recognized species, of which
four—namely, B. melitensis, B. abortus, B. suis, and B. canis—are the main causes of the
disease in humans. Brucella melitensis is the most virulent species in humans, whereas
no cases of infection caused by B. ovis, B. neotomae, B. microti, or B. papionis have been
reported so far. In addition to the well-established species, many isolates derived from
animal sources that have not yet been taxonomically allocated have been described (1).

The different Brucella species constitute a closely related monophyletic cluster with
DNA-DNA hybridization values approaching 100% (2) and thus can be considered to
represent biovars of a single species. However, the traditional nomenclature has been
retained for practical reasons, since the different Brucella species are closely associated
with specific animal hosts (i.e., B. abortus with cattle, B. melitensis with small ruminants,
B. suis with swine, and B. canis with canids). It should be emphasized, however, that
Brucella species can cross-infect nonpreferential hosts, a feature that explains the
accidental acquisition of the disease by humans from zoonotic sources. In addition, an
extended sequence analysis of 21 independent genetic loci has shown that the
distribution of genotypes correlates remarkably well with the different species, validat-
ing the classic taxonomic division (1).

Members of the genus Ochrobactrum are the closest phylogenetic relatives of
brucellae, sharing over 97% identity with the Brucella consensus sequence of the 16S
rRNA gene, and species such as O. antrophi and O. intermedium appear more related to
brucellae than to other species of their own genus (3-6). This remarkable similarity has
important implications for the correct identification of brucellae and the diagnosis of
the infection.

The Global Challenge of Human Brucellosis and Its Diagnosis

Brucellosis was probably first acquired by humans shortly after the domestication of
cattle, camels, sheep, goats, and swine, and since person-to-person transmission of the
infection is exceptional (7), humans represents a dead end in the cycle of the disease.
Because brucellosis is not a sustainable infection in humans and the disease is almost
always transmitted to humans by direct or indirect exposure to infected animals or
consumption of their contaminated products, eradicating the infection in livestock is
crucial for preventing human contagion. Whereas strict implementation of control
measures, including routine screening of livestock, culling of infected herds, and
vaccination of healthy animals, has resulted in the successful control of the disease in
most industrialized countries, brucellosis remains endemic in the Mediterranean basin,
the Middle East, Latin America, the Indian subcontinent, and many African countries
north and south of the Sahara (8). In global terms, 500,000 new human cases of
brucellosis are diagnosed each year, representing the world’s most prevalent bacterial
zoonosis (8). However, since many cases remain unrecognized due to inaccurate
diagnosis, inadequate surveillance, and incomplete reporting, this staggering figure
should only be considered a minimal estimate. According to the World Health Orga-
nization (WHO), the actual incidence could be at least 1 order of magnitude higher (9).
The global disease burden in livestock is even greater, and conservative estimates are
that >300 million of the 1.4 billion worldwide cattle population are infected with the
pathogen (10).

In recent years, the breakdown of public veterinarian and health systems in
resource-poor and politically troubled countries has resulted in the emergence of new
foci of disease in central Asia and a worsening of the situation in countries such as Syria
(11). Although the incidence of human brucellosis in neighboring Israel has been
steadily declining for many years countrywide, because of an inconsistent control
policy and underfunding, the attack rate among the seminomadic Bedouin inhabitants
of the southern Negev desert has increased, reaching a minimal estimate of 100.4 per
100,000 population in 2008 (12). In the developed world, brucellosis has also managed
to elude complete eradication because of persistent infection among wildlife with
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consecutive spillover to domestic animals (13, 14), international travel and human
migration (15), and illegal import of contaminated dairy products (16). In addition, B.
abortus vaccines do not fully prevent B. melitensis infection, and the B. melitensis Rev.1
vaccine has not been evaluated for administration in cattle. As a result, bovine B.
melitensis disease is becoming a serious public health threat in many regions (17).

Although brucellosis in humans is not usually lethal and is only exceptionally
transmitted from person to person, the potential economic damage caused by the loss
of productivity in animal husbandry and the debilitating effects of the disease in
humans and its complicated treatment can also turn Brucella organisms into candidate
agents of biowarfare (18).

Diagnosing Human Brucellosis: Culture, Serology, and NAATs

Because human brucellosis can affect any organ and body system, the presenting
symptoms of the infection are not pathognomonic, and therefore, the disease may be
easily confused with other medical conditions (8, 16). Conversely, overdiagnosis of
brucellosis may result in untoward drug effects and, no less importantly, in overlooking
other serious infectious or noninfectious illnesses. The antibiotic therapy of brucellar
infections is also challenging and necessitates prolonged administration of antimicro-
bial drug combinations that are not routinely prescribed for other infectious diseases
(16). The correct diagnosis of brucellosis in humans therefore not only is crucial for early
and adequate patient management but has also serious public health significance, as
it may reveal exposure to sick animals, consumption of contaminated food (especially
dairy products), breach of laboratory safety practices, or the intentional release of
brucellae as a biological weapon.

The microbiological diagnosis of human brucellosis relies on three different modal-
ities: culture, serology, and nucleic acid amplification tests (NAATSs). This review sum-
marizes the recent developments in and present status of these diagnostic approaches
and their clinical use and provides an assessment of their relative advantages and
drawbacks.

CULTURE DETECTION OF BRUCELLAE
Blood Cultures

Although the culture detection of Brucella organisms is hampered by the slow-
growing features of members of the genus, laboratory safety concerns, and reduced
sensitivity in prolonged disease and focal infections, isolation of the bacterium is
indisputable evidence of the disease. Culture recovery of the bacterium permits its
precise identification to species level and genotyping, making it possible to track the
source, differentiate between wild and vaccine Brucella strains (19), and perform
antibiotic susceptibility testing when indicated.

Detection of brucellae in blood cultures also makes it possible to confirm the
presence of the disease in its early stages, when the serological tests results are still
negative or show low or borderline antibody titers (20). An additional benefit of the
isolation of brucellae is the fact that it establishes a solid diagnosis in patients in whom
the infection is not clinically suspected but the organism is recovered from a blood
culture obtained as part of the routine workup of a nonspecific febrile syndrome (21,
22). This is an important consideration because the history of antecedent exposure to
zoonotic sources cannot always be elicited due to the prolonged incubation of the
disease, i.e., weeks or months. The clinical features of brucellosis are often suggestive
of other medical conditions, including systemic and localized infections and rheumatic
or hematological disorders (8). When the possibility of the disease is not considered,
Brucella-specific serodiagnostic assays and nucleic acid amplification tests are not
requested, and thus, the diagnosis can be overlooked. Naturally, this situation is not
uncommon in countries where brucellosis is rare, awareness of the disease is low, and
physicians do not include it in the differential diagnosis, as shown in an outbreak of
brucellar infections in Hong Kong (23). However, because human brucellosis is a “great
imitator,” the possibility of this infection is not always entertained, even in regions of
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TABLE 1 Factors that determine the positivity rate of blood cultures for diagnosing
brucellosis

Category Associated factors
Microbial Brucella species
Patient Age, duration of symptoms, systemic vs focal disease,

first infection vs relapse, previous or current
antibiotic administration

Blood culture method Vol of blood specimen, no. of cultures obtained, frequency
of monitoring, blood culture system sensitivity, incubation
period, performance of periodic blind subcultures,
performance of terminal blind subcultures

endemicity. For instance, in a study performed in the southern region of Israel, where
the infection is hyperendemic, 27 blood cultures drawn from 21 patients in whom the
disease was suspected grew B. melitensis, as did 42 cultures obtained from 27 individ-
uals in whom the infection was not considered (21). A similar experience was reported
at a Turkish hospital in which 52 of 88 (59.1%) patients with proven disease had been
previously examined by a physician and misdiagnosed (24).

Dynamics of Brucella bacteremia. Brucella species are highly transmissible organ-
isms that can penetrate the human body through a variety of routes, including the
gastrointestinal and respiratory tracts, the conjunctiva, and abraded skin, or may access
the bloodstream directly as in transfusion-related cases or transplacental transmission
(8, 16). Regardless of the portal of entry of Brucella organisms into the body, the
bacterium quickly translocates across the epithelial layer and is endocytosed by
mucosal macrophages and dendritic cells (8). Internalized brucellae initially localize
in the regional lymph nodes and then spread through the bloodstream, entering
macrophages-rich tissues such as the liver, spleen, lymph nodes, or bone marrow. There
they adopt a facultative and stealthy intracellular lifestyle, evading the innate and
adaptive immune responses and the action of many antibiotics (16). Since the patho-
genesis of human brucellosis always involves a bacteremic stage, cultures of peripheral
blood represent a suitable tool for confirming the disease, although their sensitivity
shows a broad range (10 to 90%) in different reports (16). The factors affecting the
recovery of brucellae in blood cultures are summarized in Table 1.

In the initial stages of brucellosis, patients experience a continuous low-grade
bacteremia, which can be easily detected by drawing two or three separate blood
culture sets. As the infection progresses, the organism is removed from the blood-
stream and sequestrated in macrophages. As a result, the concentration of circulating
bacteria gradually diminishes and the pattern of bacteremia becomes less consistent,
making the isolation of the organism increasingly difficult (25). The importance of
obtaining multiple blood cultures was illustrated in a Turkish study in which brucellae
were detected in 26 of 31 (83.9%) patients from whom a pair of blood cultures were
drawn and in 17 of 29 (58.6%) patients from whom a single blood culture was obtained
(P = 0.03) (26). The natural course of human brucellosis in general, and that of Brucella
bacteremia in particular, is unpredictable (27). The organism may reenter the blood-
stream intermittently (25), and its reappearance in the bloodstream increases the risk
of clinical relapse and seeding to distant sites (28, 29).

Brucellemic patients frequently present with higher fever than those with no
demonstrable bacteremia (30). However, because brucellae are pathogens with rela-
tively low virulence in humans, the inflammatory response may be attenuated, and the
organism may be recovered from paucisymptomatic and even afebrile patients (31).
Therefore, blood cultures should always be obtained whenever the disease is sus-
pected, even in the absence of fever (32).

Assessing the performance of blood culture methods for the detection of bru-
cellae. Brucella species are characterized by a long generation time (i.e., several hours),
low concentration of circulating bacteria, and reduced levels of CO, emission (CO,
being the metabolic product monitored by current automated blood culture systems).
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To maximize recovery of the organism, incubation of inoculated medium for 4 weeks
and performance of blind subcultures of apparently negative blood culture media have
been advised by the American Society for Microbiology (33) and the WHO (34). This
strategy, however, has evident shortcomings: it is expensive and labor-intensive, de-
mands extra laboratory space to accommodate additional blood culture instruments,
and results in a considerable delay in the diagnosis of the disease. However, limiting the
incubation of inoculated bottles to the routine 5- to 7-day period implemented in
clinical microbiology laboratories cannot be advocated unless it is convincingly shown
that by adopting this policy, vials containing Brucella organisms are not systematically
overlooked. Many studies in which a customary short incubation protocol has been
followed and no blind subcultures have been performed have reported detection of
circulating brucellae within 3 to 7 days (35-38). These communications can be danger-
ously misleading because the possibility that vials containing living Brucella organisms
were prematurely discarded is not addressed. This is particularly significant since a
positive blood culture result is often the first and only proof of the infection. The
sensitivity of blood culture systems and the time to detection for the method need to
be assessed in prospective and well-designed controlled studies in which prolonged
incubation and blind subcultures of negative vials are performed. The sensitivity of the
blood culture method should be calculated as the fraction of positive blood culture
vials identified within the routine 5- to 7-day incubation period out of the total number
of positive vials detected by the system under evaluation and/or by blind subcultures
in the course of the 4-week period.

Blood culture methods. (i) Manual monophasic method. Traditionally, the micro-
biological procedures used for isolating brucellae from the blood did not differ from the
laboratory practices employed for the detection of other bacterial pathogens. Blood
culture vials were inoculated with patients’ blood specimens, incubated at 35°C, and
periodically examined for the development of visible turbidity of the culture broth, a
clear indication that bacteria or fungi have multiplied in the medium and reached a
high concentration. Due to the slow growth of members of the genus Brucella and the
fact that vials were discarded after 5 to 7 days if not flagged by the automated blood
culture instrument, the organism frequently remained undetected. In cases where
physicians were aware of the possibility of brucellosis and communicated the infor-
mation to the laboratory in a timely fashion, vials were kept and incubated for a longer
period, and blind subcultures on agar plates were performed.

(ii) Manual biphasic methods. (a) Castaieda flask. To obviate the necessity of per-
forming repeat blind subcultures, an ingeniously simple and inexpensive biphasic flask
was designed by Ruiz-Castafieda in the late 1940s (39, 40). One side of a culture flask
is layered with solid nutrient agar, and an appropriate culture broth, such as serum-
dextrose or a high-quality peptone-based medium, is then poured. After inoculating
the patient’s blood and, eventually, his or her bone marrow samples, exudates, ground
tissues, or other clinically relevant specimens, 10% CO, is added. The flask is then tightly
closed, tilted to bathe the agar slant with the blood-medium mixture, and incubated at
35°C in the standing position. Flasks are examined every 48 h for the appearance of
bacterial colonies on the agar surface, turbidity of the broth, or both (40). If no signs of
growth are observed, the flasks are tilted again and reincubated, repeating the se-
quence for at least 35 days (39, 41). Dispensing with the need for performing repeated
subcultures not only is labor- and time-saving, but it also decreases the danger of
laboratory-acquired brucellosis. Naturally, the Castafeda method is not specific for
brucellae, and other microorganisms, including true pathogens and contaminants, may
grow in the flask; therefore, full identification of the isolate is required. Although the
performance of the Castafieda method has been superseded in recent years by
automated blood culture systems, it is still extensively employed in countries of
endemicity with limited economic and technical resources due to its low cost and
practicality (27, 42-47).

Gotuzzo et al., working in Peru, reported that Brucella colonies were noted after an
average of 4.3 days in Castafeda flasks inoculated with bone marrow samples and after
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a mean of 6.7 days when seeded with blood, and all positive cultures were detected
within 15 days (48). In a study conducted in Spain, however, the majority of positive
blood cultures required incubation of the flasks for 1 to 3 weeks (49). Differences in the
characteristics of the populations enrolled in these studies, the biological features of
the Brucella strains, and/or the components of the in-house biphasic media may
account for the disparities observed in the performance of the Castafieda technique.

(b) TUMS medium. Recently, a variant of the Castafieda flask medium has been
developed, named Tehran University of Medical Sciences (TUMS) medium, in which a
solid urea agar base is used on the slant and brain heart infusion in the liquid phase
(50). The principle behind this formulation is that all members of the genus Brucella
exhibit positive urease activity that is revealed by the color change of a pH indicator,
shortening the time required for identifying the isolate.

(c) Hémoline medium. A biphasic blood culture system named Hémoline, manufac-
tured commercially by bioMérieux (Marcy I'Etoile, France), has been prospectively
evaluated by Ruiz et al. (51). Blood samples obtained from individuals with presumptive
brucellosis were inoculated into flasks, incubated for 3 weeks, and subjected to terminal
blind subcultures. The median time to detection was only 5 days, but isolation was
delayed in 4 out of 17 (23.5%) patients whose cultures became positive after >7 days
(51).

(i) Lysis-based blood cultures. Because of the low sensitivity and prolonged time
to detection of plain blood cultures in liquid media for the recovery of Brucella
organisms, an alternative approach consisting of lysing the white blood cells contained
in the blood sample prior to seeding the specimen onto solid medium has been
developed. The rationale of this strategy is that brucellae do not circulate in the
bloodstream as free-living microorganisms. Rather, after an opsonization step, they are
readily phagocytosed by polymorphonuclear cells (52). Engulfed brucellae are con-
tained in a special intracellular vacuole where over time the vast majority of organisms
do not survive, reducing the sensitivity of the culture and prolonging the time to
detection. The lysis of the white blood cells releases already phagocytosed but still
cultivable bacteria that, subsequently, can be seeded onto appropriate solid media.

(a) Lysis-filtration. In the early 1950s, a membrane filtration method for culturing
circulating microorganisms was developed by Braun and Kelsh and assessed in an
animal model of brucellosis (53). A blood sample was drawn from experimentally
infected rabbits, heparinized, and subjected to osmotic lysis. The lysate was then
filtered under negative pressure through a sterilized Millipore filter. Filter membranes
were deposited on the surfaces of petri dishes, and, after proper incubation, the
organisms stuck in the filter grew as individual colonies on the plates. This lysis-
filtration method never gained popularity because it was too unwieldy and unsafe, and
filter membranes became repeatedly clogged.

(b) In-house lysis-centrifugation method. The aforementioned lysis-filtration procedure
was subsequently improved upon by separating the bacteria from the blood lysate by
centrifugation instead of filtration, followed by seeding of the sediment onto agar
plates (54, 55). Etemadi et al. compared the performance of this in-house lysis-
centrifugation method with that of the classic biphasic Castafieda technique in 14
peripheral blood specimens, two bone marrow aspirates, and 2 cerebrospinal fluid
(CSF) samples (54). The results were conclusive: the lysis-centrifugation method de-
tected B. melitensis in all specimens within 2 days, whereas all 18 Castafieda vials were
negative despite being incubated for 3 weeks (54).

A similar comparison was performed by Mantur and Mangalgi in a prospective study
involving 148 Indian patients with acute and chronic brucellar infections, identified by
a positive serodiagnostic test (56). Of the 121 patients with acute disease, the lysis-
centrifugation culture recovered brucellae in 110 (90.9%), whereas the Castafieda
method identified only 87 (71.8%) patients, and the results were statistically significant
(P =0.001). The time to detection was also shorter in the lysis-centrifugation cultures
(2.4 = 0.9 days, compared to 6.7 = 2.2 days in the biphasic vial; P < 0.001). Out of a total
of 27 patients with chronic brucellosis, the organism was recovered by the lysis-
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centrifugation method in 20 (74.1%), versus 9 (33.3%) by the Castafieda flask
(P =0.087), and the detection time was 2.7 = 1.4 versus 7.2 = 2.6 days, respectively
(P =10.001).

More recently, Mangalgi and Sajjan conducted a comparative study in which the
lysis-centrifugation method isolated B. melitensis in 73 (43.2%) of 169 patients with
positive serological tests, the Castafieda technique in 42 patients (24.9%), and the
blood clot culture in 59 (34.9%). The time to detection was significantly shorter in the
lysis-centrifugation cultures than in the two comparators: 4.1 = 0.9 days versus
9.6 = 1.7 days versus 5.8 = 1.4 days, respectively (P < 0.001) (57).

A favorable experience was also reported by Espinosa et al., who compared the
Etemadi lysis-centrifugation technique with the Castafieda flask in 88 Peruvian patients
exhibiting clinical symptoms compatible with brucellosis and a standard agglutination
test (SAT) titer of =1:25 (58). The lysis-centrifugation method demonstrated better
sensitivity, detecting brucellae in 38 (43.2%) patients, while the Castafieda technique
was positive in only 31 (35.2%), but the difference did not reach statistical significance.
However, the time to positivity differed significantly, and the use of the lysis-
centrifugation method resulted in an average gain of 10days (time to detection,
3.8 = 0.8 days for the lysis-centrifugation method versus13.6 = 6.5 days for the Casta-
fieda flask; P < 0.001). The lysis centrifugation method was also evaluated by Kolman et
al. in a prospective comparative study that enrolled symptomatic Israeli patients who
exhibited positive serodiagnostic tests for Brucella (55). Blood specimens were drawn,
and equal volumes were either processed by the lysis-centrifugation method or inoc-
ulated into Bactec 460 (Becton, Dickinson Diagnostic Instrument Systems, Towson, MD,
USA) blood culture vials (55). The lysis-centrifugation technique recovered B. melitensis
in 15 (27.8%) of 54 patients, whereas the commercial blood culture system was positive
in 19 (35.2%) patients. The lysis-centrifugation cultures detected the organism after an
average of 3.5 days (range, 2 to 4 days), versus 14 days (range, 7 to 30 days) required by
the comparator.

(c) Isolator microbial tube. The original in-house-prepared lysis-centrifugation methods
have since been replaced by the commercial Isolator microbial tube (Wampole Labo-
ratories, Cranbury, NJ, USA). Blood specimens are seeded into special vials that contain
a mixture of the sodium polyanethole sulfonate (SPS) anticoagulant and a detergent.
Whereas the anticoagulant prevents clotting of the sample, the detergent disrupts the
cellular membranes of polymorphonuclear blood cells, releasing phagocytosed organ-
isms. The resulting lysate is then dispersed onto appropriate agar plates and incubated.
The Isolator microbial tube has two versions: a 10-ml tube, employed for adult patients,
that requires an early centrifugation step to concentrate the lysate before plating, and
a smaller 1.5-ml tube, reserved for use for children, that is plated without the centrif-
ugation step.

Navas et al. collected 20 ml of blood from patients with presumptive brucellosis and
inoculated 10 ml into an adult Isolator microbial tube and two 5-ml aliquots into one
aerobic and one anaerobic Bactec NR660 blood culture vial (59). The two methods
exhibited similar sensitivity, but the lysis-concentration cultures had a time to detection
of only 2 to 5days, significantly shorter than the 17 to 29 days (mean, 20.6 days)
required by the Bactec system. Although, unexpectedly, Brucella organisms were
detected in both the aerobic and the anaerobic media in one patient, because aerobic
brucellae do not grow well in anaerobic vials, the actual blood volume processed by the
automated blood culture system was, in fact, only one-half of that inoculated into the
lysis-centrifugation vial, a factor that could have prolonged the time required to reach
the threshold level for automated detection (59).

(d) Bactec Myco/F lytic vial. The Myco/F lytic blood culture vial is a recent addition to the
Bactec 9000 blood culture media, used to enhance the detection of facultative intra-
cellular pathogens such as mycobacteria and fungi. The novel vial appears to combine
the advantages of lysing the leukocytes contained in the blood sample with the
continuous monitoring of bacterial growth and the laboratory safety of the automated
instrument (60). In a prospective, volume-controlled study in which the Myco/F lytic vial
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FIG 1 Timeline of the introduction of blood culture methods employed for the isolation of Brucella organisms.

was compared with the aerobic pediatric and adult Bactec vials for the recovery of B.
melitensis, the sensitivity of the lytic medium vial was similar to that of the comparators,
but the time to positivity was significantly longer (101.4 = 46.7 h versus 65.5 = 18.9 h;
P = 0.004). These results suggest that the composition of the medium contained in the
Myco/F lytic vial does not fully support the nutritional requirements of the fastidious
bacterium (60).

(iv) Blood clot cultures. Because the antibodies present in the sera of patients with
brucellosis exert an antibacterial effect, culturing blood clots in which leukocytes
containing phagocytosed organisms are trapped appears to be a rational and prom-
ising approach. The technique involves collection of a blood specimen in a sterile tube
and allowing it to clot. The tube is centrifuged to separate the serum phase, which can
be used for serodiagnostic tests, and the clot is mechanically disrupted by shaking the
tube vigorously and then dispersed onto solid agar medium (56). The published
experience with this strategy, however, is limited and its results inconsistent. In a
pioneering study, Escamilla et al. employed clot cultures supplemented with either
taurocholate-streptokinase or bile and compared their performance with that of cul-
tures of whole blood (61). The clot cultures exhibited lower sensitivity and were more
labor-intensive than the conventional blood cultures (61). While the tube with added
taurocholate-streptokinase isolated the organism in 21 of 30 (70.0%) Brucella-positive
specimens and the bile-clot method succeeded in one (3.3%), the traditional whole-
blood culture succeeded in 28 of 30 cultures (93.3%). It can be speculated that the
addition of the emulsifying supplements exerted a deleterious effect upon Brucella
organisms, thus decreasing the sensitivity of the method.

A better result with the blood clot cultures was reported by Mangalgi and Sajjan in
a study that enrolled 169 patients with serologically confirmed brucellosis (57). The
investigators reported a sensitivity of 34.9% for the clot culture, 24.8% for the biphasic
Castaneda flask, and 43.1% for an in-house lysis-centrifugation method; the mean =
standard deviation (SD) detection times were 5.8 = 1.4, 9.6 = 1.7, and 4.1 = 0.9 days,
respectively (57). In another study, Mantur et al. found that the clot cultures were
noticeably more sensitive than those of whole blood, improving the sensitivity by
>20% and reducing the average time to detection from 8.2 days to 3.1 days (62). In
summary, although the clot culture technique appears to combine simplicity and low
cost and thus could substantially improve the diagnosis of brucellosis in resource-poor
countries, additional data need to be gathered before the method can be routinely
adopted.

(v) Automated blood culture systems. As blood culture technology rapidly evolved
over the last 4 decades, successive generations of improved automated instruments
have entered the market, gradually replacing the insensitive manual monophasic
methods (Fig. 1). The current diagnostic approach relies on determining the metabolic
activity of bacterial of fungal microorganisms by detecting an increasing concentration
of CO, or a reduction of the oxygen content in the blood culture vials above the fluid
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level. Because alterations in the gas composition can be detected before cloudiness of
the medium becomes evident, the automated instruments shorten the time needed to
diagnose bacteremia. In addition, many automated instruments mechanically agitate
the incubating aerobic vials continuously or intermittently to expose bacteria to oxygen
and fresh nutrients and to facilitate the release of CO..

(a) Factors influencing detection of brucellae by automated blood culture systems. The
method of measuring the metabolic changes occurring in positive blood culture vials
differs among automated blood culture systems: in the Bactec 9000 and Bactec FX
series of instruments, fluorescence levels increase as the CO, content increases and the
O, concentration decreases; in the BacT/Alert blood culture system (bioMérieux, Marcy
I'Etoile, France), a colorimetric sensor monitors the changing CO, content; and the Vital
instrument (bioMérieux, Marcy I'Etoile, France) measures quenching of the fluorescence
caused by acidification of the medium.

The release of CO, in blood culture bottles depends on multiple factors: the initial
quantity of bacteria or fungi inoculated (which is the product of the concentration of
circulating microorganisms and the volume of the blood specimen), the species’
replication time and its intrinsic metabolic activity, the adequacy of the broth to meet
the nutritional requirements of the organism, the presence of inhibitory factors, the
sensitivity and frequency of the CO, measurements, and the cutoff levels employed to
define positivity.

The magnitude of Brucella bacteremia is frequently as low as 1 to 5 CFU per ml
(63-65). Obviously, the time to detection of a septic event is negatively correlated with
the magnitude of the bacteremia, validating the results of experimental studies with
simulated blood cultures (66, 67). Naturally, drawing a large blood sample increases the
sensitivity of the culture, and it is therefore recommended to obtain volumes of 20 to
30 mlin adults, 2 to 4 ml in children younger than 3 years, and =10 ml in older children
(68). Despite these guidelines, in a prospective study investigating the performance of
the Myco/F lytic medium for the recovery of brucellae in an adult population, the mean
blood volume inoculated into the culture vials was less than 5 ml (60). One should keep
in mind that a blood-to-broth ratio of at least 1:5 to 1:10 in the vial is necessary in order
to decrease the concentration of detrimental factors contained in the sample, such as
complement, antibodies, or, eventually, antibiotics. If a larger blood specimen has been
drawn, it should be inoculated into multiple blood culture vials to maintain the critical
dilutional effect (68).

Members of the genus Brucella also have a relatively long doubling time (2.5 to
3.5 h) compared to other human pathogens (65), and their CO, release is also limited
due to the fact that they metabolize carbohydrates exclusively by the pentose-
phosphate pathway. Employing a simulated blood culture model, the production of
CO, by B. melitensis was found to be slower than that of other bacteria and reached
lower peak concentrations (66), explaining the prolonged time to detection of many
automated blood culture systems. For instance, in an experimental study in which
Bactec NR730 vials were inoculated with brucellae, Gamazo et al. observed cloudiness
of the culture broth 1 day, on average, before positivity was detected by the CO,
monitor (65), nullifying the advantages of the automated reading.

In an attempt to improve CO, release by members of the genus Brucella and to
accelerate detection, the effect of supplementing the culture broth with glucose,
erythritol, pyruvate, alanine, glutarate, and urea, as well as modifying the pH of the
medium, was studied (65). Adding alanine and pyruvate induced a mild increase of the
CO, release, while acidification of the medium from 7.2 to 6.2 combined with an
elevated pyruvate concentration resulted in a more marked increase. Although these
study results indicate that changes in the composition of the nutrient broth may speed
up the detection of brucellae, such modifications may be detrimental to the growth of
other bacterial species in the vial.

Because diluting the blood sample into a large volume of liquid medium is essential
for reducing the bacteriostatic factors contained in the serum, the volume of nutrient
broth has been increased from 30 ml in the Bactec NR660 vials to 40 ml in the Bactec
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9000 vials, reducing the blood/broth ratio. This change may have contributed to the
better sensitivity for detecting Brucella bacteremia found in recent generations of blood
culture systems (69).

To avoid clotting of the blood, SPS is added to commercial blood culture vials.
This chemical compound cannot be easily replaced because, in addition to its
anticoagulant properties, the SPS supplement has antiphagocytic, anticomplemen-
tary, and aminoglycoside-neutralizing effects, an important consideration in patients
with brucellosis already being treated with combined antibiotic therapy. However, an
inhibitory effect of SPS upon recovery of Brucella organisms has been observed (65).
Therefore, the concentration of SPS has been reduced to 0.025% in the blood culture
vials of the Bactec 9000 instruments, compared with 0.035% in the old Bactec NR660
and in all the culture media of the BacT/Alert system.

(b) Radiometric detection of CO,. The semiautomated Bactec 460 instrument, developed
in the 1970s, revolutionized the blood culture methodology. A needle, sterilized by
heat, penetrated the blood culture vial’s rubber top, and the gas chamber above the
fluid level was aspirated and analyzed. This headspace accumulated radioactive CO,
created by the metabolism of '“C-labeled substrata contained in the nutrient broth.
Positivity was defined by the radioactivity reaching a critical threshold or showing a
significant increase between two consecutive measurements. This pioneering system,
however, had many drawbacks. The manual loading of the bottles into the instrument
was time-consuming and laborious; thus, CO, monitoring could be performed only
once or twice a day. In addition, breaching the rubber tops entailed the risk of
cross-contamination of the vials (70), an unfortunate event that could have serious
clinical implications and, in the case of brucellosis, public health ramifications as well.

Although the Bactec 460 system substantially improved the diagnosis of bacteremia
caused by traditional human pathogens, its performance for the detection of brucellae
was suboptimal (55, 71-73). The sensitivity of the method was lower than that of the
traditional Castafieda flask (73), the time to detection of many positive blood culture
bottles exceeded the customary 1-week incubation period (71), and the presence of the
organism was frequently missed by the CO, reading and detected only by terminal
blind subcultures (72, 73).

(c) Detection of CO, production by infrared technology. The subsequent generations of
blood culture systems consisted of fully automated instruments in which the incubator
was integrated into the instrument, obviating the need for the tedious manual loading
of the vials. The novel technologies also offered the clear advantage of continuous
monitoring of CO, release, so that positive vials were detected shortly after the
measured metabolite reached the detection threshold, gaining precious time that
could be critical in the management of a septic patient. It should be noted, however,
that this benefit is lost if the laboratory is not staffed around the clock all week or if the
relevant information is not conveyed to the attending physician in a timely manner.

The available information on the performance of infrared detection of generated
CO, by the Bactec NR instruments for detecting Brucella spp. is limited. Evaluations of
the system were hampered by the fact that, in most published reports, blood culture
vials were incubated for only 7 days and no terminal subcultures of negative vials were
performed. Nevertheless, the results were, in general terms, disappointing (21, 55, 59,
67, 74, 75). In comparative studies, only a few Brucella-positive vials were detected by
the Bactec NR within the customary 1-week monitoring period (67), demonstrating
lower sensitivity and longer detection time than both the biphasic Hémoline flasks (74)
and the Isolator microbial tube (55).

In the only methodologically valid evaluation of the performance of the Bactec NR
system, blood culture bottles were monitored by the instrument for a 4-week period
and blindly subcultured once a week (21). In the course of a 2-year study period, 27 of
373 (7.2%) blood cultures, obtained from 21 Israeli patients, grew B. melitensis. The
Bactec NR system detected 21 (78.8%) of these cultures within 1 week, and 6 positive
cultures (22.2%) were missed by the automated reading and detected by subculture
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after 2 or 3 weeks of incubation, demonstrating that the nonradiometric system had a
limited and unsatisfactory capacity for detecting Brucella bacteremia.

(d) Continuous monitoring systems. Experience in isolating Brucella spp. with the current
generation of automated blood culture systems has been accumulating at a slow pace.
Although brucellosis is still endemic in many countries, the high price of these blood
culture systems renders advanced laboratory technology inaccessible in the developing
world, whereas in industrialized countries, where automated blood culture instruments
have been available for over 3 decades, zoonotic brucellosis has long been controlled
and cases of human disease are rare.

The vast majority of evaluations of the continuous monitoring blood culture systems
for isolating brucellae have been conducted in countries of endemicity such as Israel
(60, 63, 76, 77), Turkey (26), or Saudi Arabia (78), where well-equipped medical facilities
and rural populations that maintain a traditional lifestyle exist side by side.

(e) BacT/Alert system. Published information on the performance of the BacT/Alert
system in recovering Brucella spp. is scarce and inconclusive (66, 79, 80). On the one
hand, the system successfully detected B. melitensis bacteremia in a case of travel-
related infection after only 2.8 days (66), and in a second report, all 9 blood cultures
obtained from 5 patients yielded the organism within 3.7 days, including a bottle
seeded with pancreatic fluid that was positive after only 13.3 h of incubation (79). On
the other hand, Casas et al. reported a poor outcome with the BacT/Alert system (80).
Blood cultures obtained from 6 patients with serologically confirmed brucellar infec-
tions were monitored by the instrument for 10 consecutive days. At the end of the
period, vials that remained negative were transferred to a regular incubator for an
additional 10 days, with blind subcultures carried out on days 10 and 20 (80). A single
positive bottle was detected by the automated system within 3 days, while 7 positive
cultures were detected by subculture performed on day 10 and another on day 20 (80).

(f) Bactec 9000 instruments. In the 1990s and 2000s, studies conducted in Middle
Eastern countries of endemicity reported that the Bactec 9000 series of instruments
successfully detected brucellae from blood and other normally sterile body fluids within
10 days. Gedikoglu et al. obtained peripheral blood samples from Turkish patients with
suspected brucellosis, processed them with the Bactec 9120 instrument, and monitored
the vials for 7 days (75). Thirty cultures, drawn from 15 patients, were found to be
positive for B. melitensis within 84 h. In another study, Saudi researchers, working in an
area where both B. abortus and B. melitensis are endemic, cultured a mixed population
of inpatients and outpatients using the Bactec 9240 system (69). Inoculated vials were
monitored for 3 weeks, but blind subcultures of seemingly negative vials were not
performed. During a 2-year period, 85 vials were positive for B. melitensis and 12 others
grew B. abortus. All 97 positive vials were detected by the blood culture instrument
within 9 days of incubation, of which 90 (92.7%) were identified within 5 days (69). In
a second Saudi study, blood cultures were processed with the Bactec 9240 and Bactec
NR660 instruments, monitored for 6 weeks, and subcultured once a week. Eight cul-
tures were positive for brucellae and were detected, on average, after 1 week (range,
4 to 14 days). Unfortunately, the performances of the two blood culture systems were
not reported separately, and the precise time to detection was not stated in the article
(78).

In a retrospective Turkish study, Durmaz et al., employing the Bactec 9120 system,
incubated blood culture bottles for 1 week, and those that were not flagged as positive
at the end of the period were Gram stained and subcultured on solid medium (81). A
total of 20 bottles grew B. melitensis after a mean of 30.0 h (range, 31.2 to 117.5 h;
median, 69.9 h), and no positive cultures were missed by the automated monitoring.
Inferior results, however, were reported in a study by Ayaslioglu et al. in which 50 of 58
(84.1%) positive blood cultures were detected by the Bactec 9050 system within a
1-week incubation but 8 additional cultures were detected only by blind subculture
performed on day 30 (26).

Working in a rural area of Turkey where brucellosis is hyperendemic, Kurtoglu et al.
cultured blood samples from febrile patients and processed them with the small Bactec

January 2020 Volume 33 Issue 1 e00073-19

Clinical Microbiology Reviews

cmr.asm.org 12


https://cmr.asm.org

Laboratory Diagnosis of Human Brucellosis

9050 and the medium-size Bactec 9120 versions of the system. Vials were routinely
monitored for up to 5 days, but when brucellosis was suspected, the incubation period
was extended to 2 weeks (82). A total of 60 Brucella-positive vials were identified within
a 10-day incubation period, but no precise data on the detection time were reported.
It should be noticed that cultures from patients in whom the diagnosis of brucellosis
was not considered underwent a very short incubation and no blind subcultures were
performed, making it impossible to assess the false-negative rate for the protocol.

Additional retrospective studies performed in countries in the developing world
have also reported the recovery of Brucella species within a few days by using the
Bactec 9000 series of automated instruments (35-38). All these studies, however,
employed short incubation protocols: 5 days (35), 1 week (37, 41, 75), or 5days that
would be extended to 14 days when brucellosis was suspected (38, 82). Terminal blind
subcultures of seemingly sterile vials were not performed in any of these cases.

The ability of the Bactec 9240 system to detect brucellae within the customary 7-day
protocol was adequately investigated in a prospective study conducted among febrile
children attending an emergency department in southern Israel (76). Blood samples
were inoculated into aerobic pediatric blood culture bottles and incubated for 4
consecutive weeks; if growth was not detected, the vials were subcultured on a weekly
basis (76). Brucella melitensis was recovered in 42 of 2,579 blood cultures (1.6%), of
which 41 (97.6%) were identified by the automated reading within 2 to 6 days, and only
one culture was detected by the blind subculture performed at the end of the first
week. Cumulative detection rates by the automated reading were 0.0%, 23.6%, 78.9%,
86.8%, 92.1%, 97.6%, and 97.6% for days 1 to 7, respectively. A complementary study
was conducted to assess the ability of the aerobic vial to detect B. melitensis infection
in adult seropositive patients living in the same region of endemicity of the country
(77). Inoculated Bactec Plus Aerobic/F medium vials were incubated for 28, days and
blind subcultures of negative vials were performed on days 7 and 28. Overall, B.
melitensis was isolated from 31 (35.2%) of 88 blood culture vials obtained from 19
(38.0%) of 50 enrolled patients. The automated monitoring identified 30 (96.8%) of 31
positive vials within 1 week; the single positive vial missed by the instrument was
identified by the terminal subculture at the end of the 4-week incubation period,
indicating a very low initial bacterial inoculum (77).

Ayaslioglu et al. reported the results of a Turkish study in which 8 of 136 (5.9%)
Brucella-positive blood culture vials, drawn from 60 patients, were undetected by the
automated reading and were identified only by blind subcultures performed after a
30-day incubation period, despite the use of the advanced Bactec 9050 system (26).
This automated blood culture system differs from the other models of the Bactec 9000
series in that mechanical shaking of the culture bottles is continuous instead of
intermittent, a factor that may improve bacterial growth. Similar failure in the auto-
mated detection of Brucella bacteremia by the Bactec 9050 blood culture system was
also noted in the investigation of a cluster of 16 cases of B. melitensis disease reported
in 2001 by Lepe et al. (83). Blood culture vials were monitored for 3 consecutive weeks,
and unflagged vials were subcultured blindly at the end of the study period (83).
Thirteen patients (81.3%) had confirmable Brucella bacteremia. The automated moni-
toring detected the bacterium in 9 patients (69.2%) within 7 days, did so in 2 additional
patients on days 8 and 11, and failed in the remaining 2 patients, where the organism
was recovered only in the final blind subculture.

The explanation for the wide differences in the performance of the current blood
culture instruments reported in the aforementioned studies is not obvious. It is
speculated that the superior performance of the Bactec system in the two Israeli studies
(76, 77) could have resulted from the fact that their patient population presented to the
emergency department at the early stages of the infection when high-magnitude
bacteremia occurs, whereas studies showing inferior sensitivity of the system mostly
enrolled individuals with a long-standing disease characterized by a lower bacterial
load, thus decreasing the detection capability and prolonging the time to positivity
(76, 77).
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(vi) Is the traditional recommendation of prolonged incubation of vials still valid?
The results of multiple studies have shown that bot the evolution of the CO, measure-
ment strategy and the changes in the composition of liquid culture media have
substantially improved the diagnosis of Brucella bacteremia in recent years. Current
bacteriological methods enhance the sensitivity of Brucella cultures, reduce the detec-
tion time, and considerably reduce the time and labor spent. Use of these automated
systems enables the hands-off processing of a large number of blood culture bottles,
nearly eliminates contamination of media, and ensures safe handling of dangerous
bacteria.

The increased sensitivity and shortened time to detection with modern blood
culture systems have led to questioning of the relevance of the traditional recommen-
dation for prolonged incubation and periodic subculturing in order to optimize the
detection of elusive Brucella organisms (33, 34). Published experience indicates that the
current automated systems detect acute brucellar infections in both children and adults
within the customary 1-week incubation period and avoid the need for subculturing
seemingly negative vials, provided that the blood samples are obtained in the initial
phase of the infection (76, 77). In cases with a longer evolution or a focal infection,
some patients may still require prolonged incubation of culture bottles and perfor-
mance of terminal subcultures to maximize isolation (26, 83).

(vii) Which of the current blood culture systems is superior for recovering
brucellae? Despite the fact that reviews on human brucellosis published in prestigious
medical journals in recent years still recommend the use of lysis-centrifugation cultures
(8, 16) and consider this technique the method of choice for isolating the bacterium,
the results of the only prospective comparison between the Isolator microbial tube and
the Bactec system demonstrated a statistically significant superiority of the automated
system in terms of overall sensitivity and time to detection of positive cultures (63). In
a prospective volume-controlled study, blood aliquots obtained from pediatric patients
in whom brucellosis was suspected were inoculated into a Bactec 9240 aerobic bottle
or seeded into an Isolator microbial tube (63). A total of 122 cultures were drawn, and
28 (22.8%) grew B. melitensis by one or both techniques. The automated system
detected all 28 positive cultures, whereas the lysis-centrifugation method detected only
22 (sensitivity, 78.6%; P < 0.023). The automated system was also superior in terms of
time to positivity, detecting 21 of the 22 (95.5%) cultures positive by both methods
within 3 days, compared to only 15 (68.2%) detected by the Isolator microbial tube.
Eight of the 22 cultures (36.4%) detected by both culture methods were found to be
positive at least 24 h earlier by the Bactec instrument, and the remaining 14 were
detected by both methods on the same day (P < 0.05).

The performances of the Bactec 9120 and Vital (bioMérieux) automated systems and
the Hémoline biphasic flask were prospectively assessed and compared by employing
blood cultures obtained from Spanish patients with brucellosis (51). The Hémoline vial
detected all 19 positive blood cultures, whereas the Bactec and the Vital systems
overlooked one positive culture each (sensitivity, 94.7%). After a 5-day incubation
period, 47.4%, 78.9%, and 10.5% of the cultures were detected by the three blood
culture systems, respectively. At the end of the first week, the detection rates increased
to 73.7%, 94.7%, and 47.4%, respectively, proving that the Bactec 9120 was significantly
faster than the two other blood culture systems (P < 0.05). The delayed detection of
Brucella by the Vital system was confirmed in two later studies in which the average
detection occurred after incubation times of 119.7 and 211.7 h (84, 85).

The capabilities of two of the most popular commercial blood culture systems to
detect brucellae were compared in a single head-to-head study in which 10-ml aliquots
of adult patients’ blood were inoculated into BacT/Alert and Bactec 9240 bottles (86).
The study design, unfortunately, had two important drawbacks: vials were incubated
for only 7 days, and no blind subcultures were ever performed. The results were
inconclusive: the times to detection were similar (2.5 days by the BacT/Alert system
versus 2.8 days by the Bactec 9240 system), and the former detected 9 out of 17 (52.9%)
positive cultures whereas the latter detected 14 (82.3%) (P = 0.067).
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Clearly, additional studies enrolling a larger number of patients with culture-proven
brucellosis are needed to determine which blood culture system is preferable for
detecting Brucella bacteremia. However, with very rare exceptions, clinical microbiology
laboratories employ only a single automated blood culture system; therefore, a proper
comparison will likely never be performed. In any case, the choice of a blood culture
system is a costly and strategic decision that has wide and long-lasting implications.
The choice should be made on the basis of a variety of professional and economic
considerations and not only on the ability of the system to isolate a particular bacterial
species.

(viii) Blood versus bone marrow cultures as the diagnostic gold standard. Up to
the advent of novel generations of automated blood culture instruments in the
mid-1990s, the recovery of Brucella organisms from peripheral blood samples was
frequently suboptimal. In order to improve detection, it was advised to culture alternate
sources such as bone marrow aspirates (27, 40, 41, 87-89), liver biopsy specimens (90,
91), or lymph nodes (92). The rationale behind obtaining these specimens was that
Brucella organisms multiply and concentrate inside the reticuloendothelial system, and
thus, culturing of these macrophage-rich tissues may increase bacterial recovery (16).
Despite this theoretical advantage, the question of which specimen is preferable for
diagnosing human brucellosis is far from resolved. Ganado and Bannister reported than
in one-fifth of patients from whom bone marrow cultures grew brucellae, the bacterium
could not be simultaneously recovered from the blood (87). Gotuzzo et al. found that
bone marrow aspirates were positive in 46 of 50 (92.0%) patients and that peripheral
blood cultures were positive in only 35 (70.0%) (48). Mantur et al. reported that bone
marrow cultures isolated Brucella organisms in 85 of 103 (82.5%) patients, versus only
47 (45.6%) detected by blood cultures (P < 0.001), and that the detection was also
significantly quicker (2.8 = 0.7 and 7.2 = 2.4 days, respectively; P = 0.001) (27). Superior
results were also obtained in a prospective study by Ozkurt et al., who simultaneously
inoculated blood and bone marrow specimens from patients with presumptive bru-
cellosis into BacT/Alert vials as well as an in-house monophasic liquid medium (93).
Thirty-five of 50 (70.0%) bone marrow cultures yielded brucellae, versus only 24 of 50
(48.0%) blood cultures (P < 0.05). In a second study, Ozturk et al. obtained blood and
bone marrow samples from 23 seropositive symptomatic adults and seeded them into
Bactec 9240 vials. The sensitivities of the two methods were comparable (19 of 23
[82.6%] isolations in the blood cultures and 13 of 16 [81.2%; in the bone marrow
cultures) (94). In the 13 patients from whom paired blood and bone marrow cultures
were drawn, the automated instrument detected growth in the blood samples within
3 to 7 days (mean, 4.3 £ 1.1 days; median, 4 days), versus a range of 2 to 4 days (mean,
2.6 = 0.7 days; median, 3 days) for the vials inoculated with bone marrow (P < 0.05).

It is noticeable that in all these studies, despite the fact that, generally, <1 ml of
bone marrow was inoculated into the culture bottles compared to much greater
volumes of peripheral blood (between 5 and 10 ml), detection times for bone marrow
cultures were shorter, indicating a higher bacterial inoculum (27, 48, 74, 93-95). The
improved performance of bone marrow cultures was noted in patients with acute
disease as well as in those with a long-standing infection (27).

A different experience was reported by Magill and Killough, who found that cultures
of peripheral blood isolated Brucella organisms in 90% of culture-positive cases, versus
only 40% by bone marrow cultures (96), and by Shehabi et al., who reported sensitiv-
ities of 44.4% and 27.7%, respectively (97). Similar results were reported by Iseri et al.,
who, employing the Bactec 9050 instrument, found detection rates of 39 out of 102
(48.0%) for blood cultures and 35 out of 102 (34.3%) for bone marrow cultures (95).
Similarly, Wang et al. recovered Brucella organisms in 10 out of 16 blood cultures
(62.5%), versus only 3 isolations (18.8%) from bone marrow specimens (89).

Although the optimal specimen for isolating Brucella organisms continues to be a
matter of debate, it should be noted that blood samples have other substantial
advantages: they are easier to draw and repeat, aspiration of the specimen is less
invasive and painful, and greater volumes can be obtained. In addition, peripheral
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blood cultures can detect a brucellar infection in patients for whom the disease was not
included in the differential diagnosis, whereas harvesting a bone marrow specimen
requires considering the possibility of the infection a priori.

Isolation of Brucellae from Specimens Other than Blood

Traditional culture methods. Because the initial hematogenous spread of brucellae
results in seeding of bacteria to remote organs and the development of focal infections,
a variety of biological specimens, such as blood, bone marrow, genital exudates, bone
tissue, synovial fluid aspirates, or cerebrospinal fluid, may serve as a host for the
organism (32). Samples of these tissues and normally sterile body fluids should be
collected following strict aseptic precautions and sent to the laboratory without delay,
and inoculation of culture media should be performed within 1 to 2 h of obtaining the
specimen. In the case of more prolonged transport times, specimens should be kept
moist and cooled to 2 to 8°C (98). Brucella species grow well on solid culture media
routinely used in clinical microbiology laboratories for the isolation of traditional
human pathogens, such as Trypticase soy agar with added hemoglobin (blood agar)
and chocolate agar media. Brucellae do not develop on MacConkey agar, and seeding
of selective media is unnecessary. To maximize detection, inoculated plates should be
incubated for up to 14 days in a 5%-10% CO,-enriched atmosphere at 35°C and under
aerobic conditions. Inoculated plates should be sealed, and all bacteriological proce-
dures should be performed in a class Il biological safety cabinet (see “Brucella Cultures
and Laboratory Safety” below).

In infected animals, Brucella organisms may also be isolated from vaginal secretions,
placental and fetal tissues, milk, semen, and other specimens that usually harbor
additional commensal flora as well as environmental bacterial species and fungi (99).
Because most of these potential contaminants have short generation times, they tend
to overgrow on the agar media, making it difficult to detect slow-growing brucellae. To
facilitate the recognition and recovery of Brucella spp., selective media that inhibit
competing microorganisms, such as Farrel medium and modified Thayer-Martin me-
dium (MTM), are widely employed in veterinary laboratories (99). Farrel medium is not
usually available in clinical microbiology laboratories serving human populations, but
MTM agar plates are routinely used for the isolation of Neisseria gonorrhoeae. The
unexpected growth of B. melitensis on MTM seeded with female genital specimens
resulted in the inadvertent and extensive exposure of personnel in a clinical microbi-
ology laboratory in southern Israel (100).

Use of blood culture methods for culturing other biological specimens. The use
of a variety of bacteriological blood culture techniques, including both manual and
automated systems, has been occasionally attempted for the isolation of Brucella
species from pus (41), bone marrow (27, 93, 96), liver tissue (27), lymph nodes (27),
synovial fluid (101, 102), testicular aspirates (42), pancreatic exudates (79), and CSF (35).
Naturally, seeding these specimens into automated blood culture system vials has the
advantages of continuous growth monitoring, labor and time savings, and laboratory
safety. In general, the results of this unorthodox practice have been comparable to or
showed better sensitivity than traditional cultures on solid media and have also
shortened the detection time. For instance, when synovial fluid aspirates from patients
with joint infections were inoculated into an aerobic Peds Plus blood culture bottle and
incubated in the Bactec 9240 instrument for 4 weeks, 15 vials grew B. melitensis, of
which 14 were detected by the automated reading within 3 to 7 days (101). A single
culture which originally contained only 1.3 CFU of viable organisms per ml (as deter-
mined by a lysis-centrifugation culture run in parallel) exhibited nonsignificant CO,
readings during the whole monitoring period (102). Akcam et al. compared the
performance of the aerobic pediatric bottle, monitored by the Bactec 9240 instrument
for 1 week, to that of conventional solid media for culturing normally sterile body fluids
other than blood (41). The study found that the 5 B. melitensis-positive clinical speci-
mens were detected by the automated monitoring but missed by the conventional
cultures (41).
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FIG 2 Gram stain of a positive aerobic Bactec blood culture vial showing Brucella melitensis microcolonies
(arrows).

From Detection to Identification

Conventional methods. Prompt and correct identification of Brucella organisms
recovered in a blood culture bottle or isolated on a petri dish is essential for estab-
lishing a timely diagnosis and avoiding the risk of contagion to laboratory personnel.
Whenever isolation of a member of the genus Brucella is suspected on the basis of
clinical and/or epidemiological considerations or the phenotypic characteristics of the
isolate, strict safety precautions should be taken to prevent transmission (see “Brucella
Cultures and Laboratory Safety” below).

Traditionally, a Gram stain of the bacteria developing on the agar surface or in the
culture broth is initially performed. Very small, faintly stained Gram-negative coccoba-
cilli that resemble fine sand and may appear as microcolonies suspended in the liquid
blood culture medium are usually observed (Fig. 2). Unless the biphasic Castafieda
method is employed, the positive culture broth should be streaked for isolation onto
solid medium. Inclusion of MacConkey agar is recommended because failure of the
still-unidentified isolate to grow on this medium is a distinctive feature of the genus
Brucella. After 2 to 4 days of incubation, punctate Brucella colonies may appear on the
agar. Fully developed colonies are small (0.5 to 1 mm), convex, nonpigmented, and
nonhemolytic and have an entire edge. Presumptive identification of brucellae is based
on the typical Gram staining appearance, capnophilia, positive oxidase, catalase, and
urease activity, no fermentation of sugars, and lack of motility.

The main drawbacks of the phenotypic identification of brucellae are the long
turnaround time and the exposure of laboratory technicians to a highly transmissible
bacterium. In addition, commercial systems may misidentify brucellae as the closely
related Ochrobactrum anthropi (103, 104) or Ochrobactrum intermedium species (105),
as well as the unrelated Haemophilus influenzae (106), Bergeyella zoohelcum (107), Bordetella
bronchiseptica (108), or Psychrobacter phenylpyruvicus (formerly Moraxella phenylpyruvica)
(109), a serious mistake that has already caused outbreaks of laboratory-acquired disease
(110). The presumptive identification of brucellae should be confirmed by a molecular
method (see Diagnosis of Brucellosis by Nucleic Acid Amplification Tests below) or by
a positive slide agglutination reaction with specific antiserum against the bacterial
O-lipopolysaccharide (O-LPS). However, because this polysaccharide component is
shared by many other Gram-negative bacteria, this serodiagnostic test should be
performed only after the unknown organism has met all the clue phenotypic criteria
(Gram stain morphology, typical biochemical profile, etc.), and it should never be used
as a shortcut to identify unknown and hitherto-uncharacterized isolates. It is also
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TABLE 2 Phenotypic features of Brucella species pathogenic to humans

Clinical Microbiology Reviews

Growth on dye at routine test

Urease test

dilution H,S (maximum time Lysis with phage:
Species Fuchsin Thionine Safranin production to positivity)? Tb Wb 1z R/C
B. melitensis Yes Yes Yes No 24 h No No Yes No
B. abortus Yest No Yes Yesc 24 h Yes Yes Yes Yes
B. suis Nod Yes No No 15 min No Yes Yes No
B. canis Variable Yes No No 15 min No No No Yes
Marine species® Yes Yes Yes No 90 min No” Yes Yes No

aMany strains show lack of correlation with species.
PExcept biotype 2.

“Except biotype 5.

dExcept biotype 3.

eB. pinnipedialis and B. ceti.

fLysis occurs in a few strains of B. pinnipedialis.

important to point out that the smooth Brucella spp. frequently dissociate in culture in
a mixture of smooth and rough colonies, the latter having lost the ability to synthesize
the O-polysaccharide. These rough mutants, as well as the naturally occurring rough
species (B. canis and B. ovis), fail to agglutinate with the regular antiserum and require
a specific anti-rough LPS reagent for confirmation.

Because of the need for simple and rapid methods for the presumptive identifica-
tion (or exclusion) of blood isolates as brucellae, Rich et al. proposed to subculture the
broth of positive Bactec 9240 blood culture vials on urea slants (111). Overall, the study
included 33 vials in which Gram-negative coccobacilli were visualized and 32 vials in
which no organisms were disclosed. Thirty-seven of the 44 (84.1%) slants that grew
Brucella organisms exhibited urease activity within 4 h, and the remaining 7 turned
positive after overnight incubation. Only two blood culture vials that grew Haemophilus
influenzae produced a delayed positive urease reaction, demonstrating good specificity
of the method. Maleknejad et al. performed acridine orange and Gram stainings of
positive blood culture broth and, in parallel, inoculated a urea slant (112). The test was
positive within 4 h in all 41 cultures in which Brucella organisms were isolated and was
negative in 61 vials in which other bacteria were recovered.

Identification of members of the genus Brucella to the species level is important for
epidemiological reasons due to the strong association between the individual species
and their naturally occurring hosts (2). The conventional phenotypic method for species
identification for Brucella species that are pathogenic for humans is summarized in
Table 2, whereas species identification by molecular methods is discussed in Diagnosis
of Brucellosis by Nucleic Acid Amplification Tests below.

In 1992, Wong et al. employed the Biolog microtiter plate system (Biolog, Hayward,
CA) to identify Brucella organisms to the species level (113). The method is based on the
differential oxidation of a panel of carbon source substrata, which, by reducing a
tetrazolium dye indicator, results in a color reaction that can be read visually. After a
24-h incubation at 35°C in a 5% CO,-enriched atmosphere, the test unambiguously
identified B. melitensis, B. abortus, and B. suis (113). Despite this successful identification
to the species level, the test did not gain widespread acceptance, probably because its
performance creates dangerous aerosols (113).

In a pioneering study, a novel miniaturized semiautomated system (Taxa Profile)
based on 570 metabolic reactions was evaluated for the identification and species
determination of members of the genus Brucella (2). The results revealed a high degree
of biodiversity among Brucella species and biovars. Overall, 196 metabolic reactions
provided stable results between cultures of the same strain, as well as reliable discrim-
ination between the 23 reference Brucella strains. The panel also distinguished brucel-
lae from taxonomically related and difficult-to-differentiate microorganisms such as
Ochrobactrum spp. On the basis of the consistent species- and biovar-specific reactions
thus identified, a 96-well plate (Micronaut; Merlin Diagnostika GmbH) was designed,
and its discriminatory power was challenged with 113 Brucella isolates and other closely
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related organisms. Although Brucella spp. and biovars generally exhibited distinctive
metabolic patterns, the extended biochemical profiling could not separate B. canis from
B. suis biovar 3, and B. melitensis isolates showed a remarkable homogeneity and could
not be resolved according to their biovars. The system does not require the preparation
of specific reagents, has easy-to-handle identification software, and has the potential
for detecting novel Brucella species and biovars (114). However, the discriminatory
capability of the Micronaut kit exceeds the usual needs of clinical microbiology
laboratories, since subtyping of Brucella spp. is not needed to arrive at therapeutic
decisions. The use of this identification system appears to be more adequate for referral
laboratories, where it may substitute for or complement time-consuming tube tests,
especially for the identification of atypical Brucella strains (13).

MALDI-TOF technology. The introduction of the matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF) technology in the clinical
microbiology laboratory profoundly changed the way microorganisms are identified.
MALDI-TOF instruments make possible the fast, accurate, reproducible, and cost-
effective identification of isolates to the species level, replacing tedious biochemical
testing. In addition, due to their technical simplicity, they are particularly suitable for
use in busy laboratories, where they can be operated by less-skilled technicians (115,
116).

The MALDI-TOF method can be applied directly on bacterial colonies growing on
solid media, as well as on positive blood culture broth (117). To avoid the risk of
exposure to living Brucella organisms, an initial bacterial inactivation step with absolute
ethanol is customarily added prior to the standard protein extraction with formic acid
and acetonitrile (118-120).

Early evaluations of the performance of this novel technology in identifying Brucella
organisms were inconclusive. In some studies, the method allowed for precise identi-
fication of ATCC Brucella type strains growing in simulated blood cultures at the genus
level, identification of the isolates to the species level, and even differentiation between
B. suis biovars (115, 116). However, other studies reported that the MALDI-TOF
technology-based Vitek MS (bioMérieux, France) system, using available databases,
misidentified B. melitensis as O. anthropi (121). Its competitor, the Bruker system (Bruker
Daltonics, Germany), exhibited unreliable discrimination between Brucella species,
indicating that the analyzed protein profile did not accurately reflect the genetic
evolution of the genus members (117, 120). In a recent investigation, an improved Vitek
MS reference database was constructed on the basis of 590 proteomic spectra from 84
different Brucella strains belonging to all recognized species of the genus, including
rare and atypical bacterial isolates (122). The modified database enabled clear-cut
differentiation of brucellae from members of the Ochrobactrum genus, as well as
precise identification to the species level of the three major zoonotic species: B.
melitensis, B. abortus, and B. suis. Obviously, these favorable results still require inde-
pendent confirmation with multiple wild-type strains derived from human and zoo-
notic sources of diverse geographic origins. However, it should be realized that data on
the performance of this technology are still limited since, although the cost per
bacterial identification is low, MALDI-TOF equipment is expensive and, as such, inac-
cessible in most countries where brucellosis is endemic.

Brucella Cultures and Laboratory Safety

Brucellae are the most common etiology of laboratory-acquired infections, making
up 2% of all human cases of brucellosis globally (122). Genus-specific biological features
make the organism easily communicable within the close confinement of the clinical
microbiology laboratory: the number of viable organisms required to establish an
infection in humans is remarkable low (10" to 102 cells); the bacterium may access the
host through numerous portals of entry relevant to standard microbiological work,
including the respiratory mucosa, conjunctivae, gastrointestinal tract, and abraded skin
(123); the microorganism remains viable on inanimate surfaces for periods of weeks and
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even months (123, 124); and manual laboratory procedures may create dangerous
aerosols and spillovers of contaminated culture media and reagents.

Because brucellae may infect any body organ or tissue, a large variety of specimen
types submitted to the clinical microbiology laboratory may contain living brucellae,
although blood cultures constitute by far the most common clinical specimen. Because
the magnitude of Brucella bacteremia is generally low (63), unless a gross violation of
safety practices has been committed, blood samples do not present a real risk of
contagion. In addition, modern blood culture instruments monitor bacterial growth
without piercing the vial’s rubber top and, therefore, do not nebulize bacteria. Never-
theless, the risk of a clinically meaningful exposure increases exponentially during and
after incubation of solid and liquid media. Routine bacteriological procedures such as
homogenization of tissues, centrifugation and vortexing of bacterial suspensions,
performance of subcultures, and biochemical testing may also result in dispersion and
spillage of living bacteria, contamination of the laboratory environment, and uninten-
tional transmission to working personnel (125). Particularly dangerous is the catalase
test, which is strongly positive in brucellae and causes bubbling and aerosolization of
microorganisms.

In regions where the zoonosis is endemic, the number of Brucella-positive cultures
processed by clinical microbiology laboratories and, consequently, the risk for trans-
mission to the workforce can be exceedingly high. In a clinical microbiology laboratory
situated in Ankara, Turkey, in which a mean of 400 specimens grow Brucella spp. every
year, the disease affected 10 of 55 (18%) workers, representing an annual risk of 8% per
employee (126). In two studies carried out at the Soroka University Medical Center
(SUMCQ), located in an area of endemicity of B. melitensis in southern lIsrael, the
bacterium was recovered in 127 of 3,974 (3.2%) positive aerobic Bactec blood culture
bottles and in 11 of 126 (8.7%) Isolator microbial tube cultures in 1997 (127) and in 514
of 20,620 (2.5%) positive Bactec vials in the period from 2002 to 2009 (128). As
expected, the prevalence rate of positive Brucella cultures in the later study was
significantly higher between April and September (3.3%) than between October and
March (0.9%) (P < 0.001), coinciding with the breeding season of sheep and goats and
the resulting increase in human exposure and morbidity (128).

Although the Centers for Disease Control and Prevention (CDC) have advised that all
laboratory manipulations of live brucellae should be performed in a class Il biological
safety cabinet (129), by the time bacterial isolates are suspected or confirmed as
Brucella organisms, incautious work with culture media has usually taken place, and
inadvertent exposure of laboratory technicians may have already occurred.

Because of the nonspecific manifestations of human brucellosis, clinicians frequently
miss the diagnosis and therefore fail to alert the laboratory to anticipate the presence
of Brucella spp. in clinical specimens, creating a risk of accidental exposure to techni-
cians. Nevertheless, the responsibility for the early recognition and correct identifica-
tion of brucellae rests with the clinical microbiology laboratory. Small Gram-negative
coccobacilli that grow on blood agar and chocolate agar but fail to develop on
MacConkey agar should not be imprudently processed on an open bench but rather
should be subjected to a “rule-out-or-refer” testing policy, and a basic biochemical
workup should be performed following rigorous safety precautions.

Following an outbreak of 7 cases of laboratory-acquired brucellosis at the SUMC in
1997 involving technicians, administrative personnel, and occasional visitors, a strict
infection control policy has been adopted (127). All blood culture vials detected as
positive by the automated blood culture instrument are initially processed in safety
cabinets until the possibility of brucellae is firmly excluded. Use of the Isolator microbial
tube for patients with suspected brucellosis, as well as the routine performance of
antibiotic susceptibility testing of Brucella isolates and aerosol-generating procedures,
has been discontinued altogether. Since the implementation of these enhanced safety
practices, no further cases of infection among the laboratory staff have been detected
in over 2 decades, despite an ever-increasing number of isolations (128). It seems
prudent, then, to recommend that, in areas of endemicity of brucellosis, all positive
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blood culture vials should be initially processed in safety cabinets, pending final identifi-
cation of the organism. In addition, bacterial isolates presumptively identified as Ochrobac-
trum spp., Psychrobacter phenylpyruvicus, Bordetella bronchiseptica, or Bergeyella zoohelcum
should be managed in a similar manner until the possibility of a Brucella organism has been
firmly ruled out.

Conclusions

Despite long-term experience with the use of serological tests and the recent design
and implementation of exquisitely sensitive molecular assays, the isolation of the
causative organism has conserved its clinical and epidemiological relevance. In the
past, the recovery of members of the genus Brucella was hampered by the slow
bacterial growth, requiring prolonged incubation of blood culture vials and perfor-
mance of periodic blind subcultures of seemingly negative media or, alternatively, the
use of the in-house Castafneda flask or the manual lysis-centrifugation method. Over the
last 4 decades, the development of automated blood culture systems, in which
bacterial multiplication is detected by monitoring CO, production, has increased the
sensitivity of blood cultures and shortened the time to detection of these fastidious
species. Nowadays, over 95% of all blood cultures obtained from patients with acute
brucellosis detect the causative organism within the customary 1-week incubation
period without the need for subcultures. In patients with a longer evolution of infection
and/or focal complications, prolonged incubation and performance of blind subcul-
tures are still required. The introduction of MALDI-TOF technology and nucleic acid
amplification assays and hybridization tests enables a rapid, precise, and safe identifi-
cation and determination of the species of recovered Brucella isolates.

SERODIAGNOSIS OF HUMAN BRUCELLOSIS
Serological Diagnosis of Human Brucellosis: Imperfect but Indispensable

In contrast to culture-based and molecular diagnostic approaches that depend on
detection of living bacteria or their specific DNA sequences in the patient’s body fluids
or tissues, the serodiagnosis of brucellosis does not provide direct evidence of the
presence of the microorganism. Rather, it relies on the indirect strategy of probing the
patient’s immune system in search of antibodies that attest to previous contact with
the pathogen. The patient’'s medical history of past diseases and exposures, the
recognition of nonself antigens, the immunological processing, and the resulting
patterns and dynamics of antibody production all vary widely among individuals.
Therefore, instead of an objective, straightforward, and irrefutable diagnostic proof,
results of serological tests for brucellosis require interpretation that is often difficult and
frequently inconclusive (13).

The serodiagnosis of brucellosis is mostly based on consensual criteria, such as a
given titer in an agglutination assay, a cutoff enzyme-linked immunosorbent assay
(ELISA) reading value, or the appearance or intensity of a band in a lateral flow test. The
validity of these criteria is frequently questioned, and the threshold values for defining
positivity vary according to clinical and epidemiological considerations such as the
duration of illness, history of brucellosis, and occupational risk factors (i.e., abattoir
workers, farmers, etc.). Asymptomatic and self-limiting episodes of Brucella infection are
not uncommon in regions where the zoonosis is endemic (130), and IgG isotype
antibodies may persist for many months after the conclusion of successful antibiotic
therapy (131, 132). This explains the high seroprevalence of anti-Brucella antibodies
found in areas of endemicity (133) and among individuals who are repeatedly exposed
to the organism (134). Therefore, the sensitivity and specificity of any criterion for
identifying diseased patients depend not only on the intrinsic properties of the
investigated laboratory variable but also on the characteristics of the population
studied and, in the case of brucellosis, on local epidemiological conditions. For instance,
the use of healthy individuals as negative controls could overestimate the test speci-
ficity (8). Conversely, enrolling patients who are initially suspected to be infected by
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brucellae but had an alternative final diagnosis and thus may have cross-reactive
antibodies may substantially decrease the measured specificity of the assay (8).

The diagnostic performance of any test should be appraised by comparing its results
with those obtained with the gold standard method. The evaluation of the serodiag-
nostic tests for brucellosis is made difficult by the fact that there is no single unques-
tionable test for defining disease against which all other laboratory assays should be
measured. Although any biological test should be interpreted in light of the clinical
context (135), this is not an easy task when dealing with the elusive diagnosis of human
brucellosis, and this conundrum cannot always be solved by current microbiological
methods (13). Since the manifestations of Brucella infections in humans are protean and
nonspecific (8), a clinical diagnosis based on symptoms and signs is clearly inadequate
as a yardstick. Although the isolation of brucellae from normally sterile body fluids or
tissues is a definitive proof of the infection and has diagnostic specificity of 100%, the
sensitivity of cultures decreases with the progression of the infection (8). The yield of
cultures is remarkably low in patients with a protracted course or focal complications,
which are frequently the cases in which an undisputable diagnosis is both problematic
and most necessary. Nucleic acid amplification assays have, in general, an unmatched
sensitivity (136). However, the performance of PCR tests for Brucella shows disagree-
ment among laboratories, and no standardization of important technical aspects such
as the sample preparation procedure, the choice of genomic targets, and detection
techniques has yet been established. Moreover, in a seminal and provocative study by
Vrioni et al.,, 7 of 10 patients continued to exhibit positive PCR results 24 to 36 months
after completion of antibiotic therapy, despite the absence of symptoms indicative of
persisting disease or relapse (137). Detection of Brucella DNA sequences does not
discriminate between viable and dead organisms and, therefore, is not irrefutable
evidence of active infection, nor does it effectively support therapeutic decision making
(see Diagnosis of Brucellosis by Nucleic Acid Amplification Tests below).

Since there is no gold standard, serodiagnostic tests for brucellosis are frequently
evaluated by comparing results with those obtained with other serological assays, used
alone or in combination. The performance of different serological tests has been
measured in dissimilar populations, employing a wide range of inclusion criteria and
cutoff values and a diversity of commercial as well as in-house assays. Not surprisingly,
results have been frequently inconsistent. Under these circumstances, a definitive
judgment of the performance of individual serodiagnostic assays cannot be reached.

Despite their numerous drawbacks, serological tests remain an indispensable diag-
nostic tool for human brucellosis in countries of endemicity. In general terms, serology
has kept its clinical relevance and popularity for diagnosing the infection because,
unlike cultures or nucleic acid amplification methods, it is inexpensive and relatively
simple from the technical point of view. These are two important considerations in
countries in the developing world and rural regions with a high burden of human and
animal morbidity on the one hand and poor availability of laboratory equipment and
expertise on the other.

Brucella Antigens for Serodiagnosis: LPS and Cytosol Proteins

Starting with the simple agglutination test developed by Wright and Smith in 1897,
a wide variety of serological tests have been proposed for the diagnosis of human
brucellosis, many of which were adapted from veterinary medicine. The cornucopia of
assays accumulated over a century of ongoing research indicates that the definitive
assay has not yet been found and probably will never be. The ideal laboratory test
should be sensitive as well as specific, be able to differentiate diseased individuals from
merely exposed ones, reliably distinguish between latent cases and eradicated disease,
enable the detection of early infections as well as long-lasting cases, diagnose systemic
as well as localized disease, and be capable of identifying patients infected with species
that do not contain the O-chain component of the LPS, such as B. canis. To date, no
single assay or combination of tests meets all these goals, for several interrelated
reasons.
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Brucella organisms pose a difficult challenge for the serodiagnostic approach be-
cause of their complex antigenic structure comprising outer membrane proteins,
genus-specific cytosolic proteins, and an immunodominant LPS. The LPS elaborated
by the so-called smooth Brucella species (B. melitensis, B. abortus, and B. suis, the
two marine species B. ceti and B. pinnipedialis, and B. neotomae) includes the glycolipid
A component, the core, and the O chain. The O chain is an unbranched homopolymer
of approximately 100 residues of 4,6-dideoxy-4-formamido-p-mannopyranosyl (o-
Rha4NFo) that are variably a(1—2) and «(1—3) linked (138). Serodiagnosis of brucel-
losis based on antibodies to the smooth LPS (S-LPS) component is generally performed
by employing antigens extracted from the B. abortus S19 strain, since the Brucella
immunodominant S-LPS is common to all the biovars of the three clinically important
smooth species that are pathogenic to humans (139). Naturally, serodiagnostic tests
based on the recognition of the shared S-LPS antigen do not enable the discrimination
of infections caused by these cross-reacting species. The rough Brucella species B. canis
and B. ovis naturally lack the O chain, and infections cannot be diagnosed by detecting
anti-S-LPS antibodies. Brucella ovis is nonpathogenic for humans, but human infections
caused by B. canis have been reported, and their serological diagnosis requires an
agglutination test that uses species-specific rough lipopolysaccharide or an ELISA that
employs B. canis proteins as an antigen (140).

It should be noted that the LPS molecule carries epitopes that cross-react with those
of a variety of Gram-negative organisms, including, among others, Yersinia enteroco-
litica O:9, Salmonella enterica serovar Urbana O:30, Francisella tularensis, Escherichia coli
0116 and 0157, Vibrio cholerae, Xanthomonas maltophilia, and Afipia clevelandensis (13,
16). Therefore, results of serodiagnostic assays that target the S-LPS should be inter-
preted with caution and correlated with the clinical manifestations of the disease and
epidemiological data. The anti-S-LPS antibodies responsible for these nonspecific re-
actions are mostly of the IgM isotype (141).

The cytosolic proteins of brucellae represent an attractive alternative to the LPS
because they lack a significant serological cross-reactivity with bacteria other than the
genetically related members of the genus Ochrobactrum. Thanks to this specificity,
these proteins can be used to distinguish infections caused by Brucella from those
caused by organisms that cross-react at the S-LPS level.

Humoral Immune Response in Human Brucellosis

The humoral immune response to infections caused by smooth Brucella species is
dominated by elaboration of antibodies to the S-LPS. The sequence of antibody
production follows the classic pattern of rising levels of IgM in the first week of infection
(which is readily detected by agglutination tests such as the rose bengal test [RBT] and
SAT), followed by IgG1 in the second week and later by small quantities of IgG2 and IgA.
Production of all three isotypes continues to increase in the early phases of the disease,
reaching its peak around the fourth week (13). In prolonged cases, the IgM concentra-
tion decreases, resulting in the net predominance of IgG and IgA antibodies, which can
be quantified by an enzyme-linked immunosorbent assay (ELISA) that employs S-LPS as
the antigen. Over time, the nonagglutinating antibodies (also called incomplete anti-
bodies) become more abundant than the agglutinating ones, which may lead to
false-negative results. Detection of these nonagglutinating antibodies then requires the
use of additional serological tools such as the Coombs test (13). Early administration of
antimicrobial therapy decreases production of antibodies to Brucella cytosolic proteins
but has only a marginal effect on the anti-LPS response (142).

It should be emphasized that the individual immune response to brucellae in
humans is highly variable. In many patients who have apparently fully recovered from
the disease, detectable IgM antibodies may persist for prolonged periods, and between
25% and 50% of patients with brucellosis exhibit IgM antibodies 1 year after treatment
(132, 143). A rapid decrease of IgG and IgA antibody titers usually indicates a favorable
response to antibiotic therapy, whereas persisting or increasing high titers can be a sign
of treatment failure, residual disease, or impending clinical relapse (144). Patients
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TABLE 3 Serodiagnostic tests for human brucellosis and their recommended use

Serological test Use(s)

Undiluted rose bengal test Initial screening

Rose bengal test with serial serum dilutions Confirmation of diagnosis

Standard agglutination test Confirmation of diagnosis

2-Mercaptoethanol test Follow-up and early detection of treatment
failure

Complement fixation test Confirmation of diagnosis

Coombs test Diagnosis of relapses and chronic cases,
detection of incomplete antibodies

ELISA Diagnosis confirmation, diagnosis of B. canis
infection and neurobrucellosis

1gG avidity ELISA Differentiation between recent disease and
past infection

Immunocapture agglutination test Diagnosis confirmation

D-TEC CB test Diagnosis of B. canis infection

Dipstick test Rapid point-of-care diagnosis of acute cases

Lateral flow assay Rapid point-of-care diagnosis

Fluorescent polarization immunoassay Rapid diagnosis

experiencing relapse of the disease usually show a significant increase in 1gG levels and
a more moderate increment of the IgA, but not the IgM, isotype (145). In general,
antibody titers fall more slowly in patients with focal complications (143) and in those
who had very high titers at the initial phases of the infection. Thus, measurable
antibody levels after therapy do not necessarily indicate treatment failure, evolution
toward chronicity, or relapse (13, 132).

Long-term persistence of antibody titers makes it difficult if not impossible to
differentiate between active infection, a history of brucellosis, or repeated exposure to
the organism; the last is a not-uncommon event in areas of endemicity, where it may
lead to overdiagnosis and unnecessary antimicrobial therapy.

In patients with brucellosis without involvement of the central nervous system, no
antibrucellar antibodies are secreted in the CSF (146). In contrast, in patients in whom
neurobrucellosis develops, low antibody titers against S-LPS and cytosolic proteins can
be detected in the fluid by the rose bengal test and ELISA (147).

Outdated and Obsolete Diagnostic Tests

Many of the diagnostic serological assays developed over the years have not stood
the test of time and have been utterly abandoned. The intradermal skin test not only
failed to distinguish between mere exposure, current infection, and remote disease but
also induced elaboration of antibodies to the injected Brucella antigens, making the
subsequent interpretation of serodiagnostic tests difficult or impossible (148). The
opsonocytophagic index probed the capability of the patient’s serum to facilitate
phagocytosis of living Brucella organisms but gave inconsistent results, and its com-
plicated manual execution posed a substantial risk of contagion to laboratory person-
nel (149). The hemagglutination test was in widespread use in the former Soviet Union
and Eastern Bloc but has not gained acceptance elsewhere (150). These and others tests
of historical interest not in use today are not discussed further in this review. The
current serodiagnostic tests for diagnosing human brucellosis and their clinical use are
summarized in Table 3.

Serological Tests That Target Brucellar S-LPS

RBT. The rose bengal test (RBT) is a card agglutination test that uses an 8%
suspension of killed B. abortus strain 1119-3 cells stained with rose bengal dye and
buffered to pH 3.65 = 0.05. The RBT detects agglutinating and nonagglutinating anti-
bodies and does not have the drawback of the prozone phenomenon (i.e., the failure
to observe agglutination of the antigen at low serum dilutions due to a relative excess
of antibodies) that is observed with the SAT. Performance of the test is straightforward
and does not require technical expertise or special laboratory equipment (151). Al-
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TABLE 4 Causes of false-negative results of serodiagnostic tests and possible solutions

Cause of lack of demonstrable seroconversion Possible solution

Too-early performance of the test Retest after 2-3 wk

Prozone effect Dilute the serum beyond 1:320
Blocking/incomplete antibodies Perform a Coombs test
Low-affinity antibodies Acidify diluent to pH 5.0
Brucella canis infection Perform a species-specific test

though the assay provides results within 4 min, sera with high titers of nonagglutinat-
ing antibodies may require up to 8 min to show characteristic bacterial clumps or a
typical rim (151). The RBT is highly sensitive (>99%) irrespectively of the stage of the
brucellar infection, but, similarly to all assays that detect antibodies to LPS, it can give
spurious positive reactions in patients infected with cross-reacting bacteria. The com-
bination of technical simplicity, high sensitivity, speed of use, and low price makes it an
ideal screening tool, but a positive result should be validated by a second, more specific
test such as the SAT, particularly in areas where the zoonosis is endemic.

In a recent study, the traditional RBT was modified to provide quantitative infor-
mation (130). After obtaining a positive qualitative RBT result, serum specimens were
subjected to 2-fold dilutions and retested. Positive reactions at a =1:8 dilution corre-
lated with acute brucellar infection, whereas lower titers suggested contact with the
organism without clinical disease, history of brucellosis, or a long-standing infection
and required further investigation (130).

SAT. Originally developed by Bruce, the standard agglutination test (SAT) is the
most common serodiagnostic assay used for diagnosing B. abortus, B. melitensis, and B.
suis infections. Because the SAT detects antibodies to brucellar S-LPS, it is not useful for
diagnosing disease caused by the rough B. canis species. The SAT is performed by
mixing serial 2-fold dilutions of patient’s serum (in the range of 1:20 through 1:2,560)
with Brucella antigen derived from heat-phenol-killed B. abortus strain 119-3 in test
tubes or in the wells of a microtiter plate. After overnight incubation and without
shaking the test tubes, the reaction is read by the unaided eye, under a magnifying
glass or by employing a fluorescent light and a dark background. If agglutination has
occurred, the clumps of antigen and antibody complexes will settle, leaving a clean
supernatant. In case of a negative test, the suspension remains unchanged and cloudy.
SAT titers of =1:160 are considered diagnostic when coupled with a compatible clinical
presentation. To increase the specificity of the SAT, a cutoff of 1:320 has been advo-
cated for the serodiagnosis of human brucellosis in regions of endemicity (8, 13).
Naturally, due to the trade-off between specificity and sensitivity, the increase in the
threshold may reduce sensitivity and compromise the diagnosis altogether.

In the early stages of the disease, the SAT results may be negative or exhibit titers
below the diagnostic cutoff. In a study performed among 264 Israeli patients with acute
infection and B. melitensis bacteremia, 8.3% had SAT titers of <1:160 and 17.4% had
titers below 1:320 (20). A false-negative result can also be attributed to the predomi-
nance of nonagglutinating antibodies or the aforementioned prozone phenomenon.
The potential solutions to resolve these issues are summarized in Table 4. It should be
stressed that the host’'s immune response to Brucella antigens exhibits a broad and
unpredictable variability among individuals; while some patients present with high SAT
titers, others never reach the diagnostic cutoff values. If a false-negative result is
suspected from clinical and/or epidemiological considerations, the SAT should be
repeated at least 2 to 3 weeks apart. Testing paired serum samples during the acute
stage and then again after several weeks or months may demonstrate seroconversion
or a =4-fold increase in the antibody titer, enabling the retrospective confirmation of
the diagnosis. However, because in many patients the possibility of a Brucella infection
is suspected only after considerable delay, frequently no serum samples are available
from the early phases of the disease, and thus, no significant changes in the SAT titer
are observed.

January 2020 Volume 33 Issue 1 e00073-19

Clinical Microbiology Reviews

cmr.asm.org 25


https://cmr.asm.org

Yagupsky et al.

Although an appropriate response to antibiotic therapy correlates well with de-
creasing SAT titers, significant antibody titers are still present in 3 to 5% of asymptom-
atic patients 2 years after completing an effective antimicrobial therapy, and therefore,
extended serological follow-up might not be necessary in individuals who are clinically
well (152).

(i) Microagglutination test. The traditional SAT has been miniaturized so as to be
performed in a microtiter plate format, enabling the use of small amounts of reagents
and low serum volumes, which allows for simultaneous testing of multiple samples and
results in a shortened turnaround table (153).

2-ME test. The interpretation of serodiagnostic tests for brucellosis is frequently
hampered by the unsatisfactory specificity caused by cross-reacting IgM antibodies to
the S-LPS and the long-term persistence of IgM titers observed in many patients,
despite a seemingly adequate response to therapy. To eliminate the IgM confounder,
it has been proposed to disable the agglutinating capabilities of the IgM pentamer,
leaving the IgG isotype intact. The IgM -S-S- bonds can be chemically inactivated by
a wide array of technical manipulations: adding 2-mercaptoethanol (2-ME), antiglobu-
lin, or chelating agents; using an acidified antigen; rivanol precipitation; and heating
the serum. Nowadays, only the 2-ME modification remains in widespread use for the
diagnosis of human brucellosis (154). A major inconvenience of the test is that 2-ME has
a strong and unpleasant odor and irritates the eyes and respiratory tract mucosa,
requiring working in a fume hood. The 2-ME has been replaced in many laboratories by
dithiothreitol (DTT), which also inactivates IgM antibodies but is less toxic and can be
worked with on an open bench, although the test has kept its traditional and familiar
2-ME name (155). The results obtained with the DTT additive are comparable to those
of the traditional 2-ME test (155).

The 2-ME assay is performed identically to the SAT and is run in parallel, employing
as a diluent phosphate buffer containing 2-ME or DTT at a final concentration of 0.05
M in each test tube. The remaining agglutination titer under the effect of 2-ME is
interpreted as representing the activity of IgG isotype antibodies. It should be noted
that reduction tests are not totally specific for IgM, as they can degrade the IgA dimer
as well. Because of the delayed appearance of IgG relative to IgM antibodies, the 2-ME
test, by neutralizing the IgM isotype, turns positive later than the SAT and thus is a less
sensitive indicator of brucellar infection in the first weeks of illness.

The main use of the 2-ME is for the serological monitoring of the response to
antibiotic therapy in already-diagnosed patients. In a classic study by Buchanan and
Faber, 84 patients with 2-ME titers of =1:80 at 1 year after the onset of illness were
asymptomatic and stayed healthy without any further antibiotic therapy. In contrast,
four of the eight patients with 2-ME titers of =1:160 still had significant clinical
symptoms and signs of disease and required supplemental antimicrobial treatment
(154). Similar to the case for the SAT, the performance of the 2-ME depends on the
characteristics of the patient population, as well as on the quality of the reagents
employed. A 2-ME titer of =<1:20 is considered negative, titers in the range from 1:40 to
1:80 are indicative of active brucellosis in regions of low incidence of disease, and
antibody titers of =1:80 are interpreted as diagnostic in areas of endemicity or among
individuals repeatedly exposed to Brucella organisms (156).

Coombs antiglobulin agglutination test. Because in patients with long-standing
Brucella infection, nonagglutinating antibodies progressively become more abundant
than the agglutinating ones, the SAT may give false-negative results. Under these
circumstances, the Coombs test is particularly useful for confirmation of the disease
because it detects the presence of incomplete antibodies. The test consists of perform-
ing serial dilution of the patient’s serum in normal saline solution and incubating the
test tubes with B. abortus antigen at 37°C for 24 h, followed by a second incubation at
5°C for an additional hour. The tubes are then centrifuged at 4,000 rpm for 15 min, and
the supernatant is discarded and replaced by saline solution. The sediment is resus-
pended by shaking, followed by a new centrifugation step. The washing operation is
repeated three times, and after resuspending the sediment one more time, anti-human
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globulin rabbit serum is added to each tube and to a negative-control tube with no
serum. After mixing, tubes are incubated again for half an hour and examined for
agglutination.

The test is generally ordered in patients with chronic brucellosis and in relapses of
the infection, in which a titer of 1:80 or greater is usually present (145). Unfortunately,
few laboratories in areas of endemicity have the technical tools and expertise to
perform this sensitive but intricate and time- and labor-consuming assay.

Brucella Coombs gel test. The Brucella Coombs gel test (Odak test) is a novel,
simple, and rapid agglutination assay that is performed in microcolumns containing a
gel matrix and Coombs antibodies. The test uses a centrifugation gel system similar to
that employed for blood grouping. The presence of Brucella antibodies in the serum
sample is revealed by the formation of a pink antigen/antibody complex, which
remains trapped in the gel. In the absence of antibodies, the Brucella antigen precip-
itates at the bottom of the gel card system. In contrast to the case for the classic
cumbersome and time-consuming Coombs test, the Odak results are obtained within
2 h. The current published experience with this test is favorable but is still limited to
three small studies (157-159). Clearly, additional experience with the Odak test is
mandatory before it can replace the traditional Coombs assay. A comprehensive
evaluation of the performance of the Brucella Coombs gel test should be carried out,
enrolling a large number of patients at different stages of brucellosis as well as
including individuals with focal complications, those with a history of the disease, and
those with repeat exposures to the organisms but no clinical disease.

CF test. The complement fixation (CF) test is performed by inactivating the patient’s
complement by heating the serum at 56°C for 30 to 60 min. The serum is then serially
diluted, and whole killed Brucella cells and pretitrated rabbit complement are added to
the test tubes. An indicator system consisting of sheep erythrocytes sensitized with
rabbit antibody is subsequently added. If IgG1 isotype antibodies are present in the
patient’s serum, they will attach to the antigen, the complement will be activated, and
no residual complement will be available for lysing the erythrocytes. Alternately, if no
antibody is present, hemolysis will occur, which can be detected visually or measured
with a spectrophotometer. The resulting hemoglobin concentration in solution repre-
sents an inverse measure of the antibody activity in the serum (160).

The CF test, which is widely used in control/eradication programs for the serodiag-
nosis of the zoonosis in livestock, is not commonly used to diagnose human infection
due to its technical complexity and problems in its standardization (13, 139). Positive
results are obtained later than with the SAT, and titers are usually higher than those of
the SAT in the fourth or fifth month of the infection and persist for approximately
12 months after the initial symptoms of the disease (161). A negative SAT coupled with
a high CF titer can be observed in individuals with chronic brucellosis but also in
recovered patients (32).

Immunocapture agglutination test. A major downside of the traditional aggluti-
nation tests is that they are labor-intensive and time-consuming. In recent years a novel
single-step immunocapture assay (Brucellacapt test; Vircell, Santa Fé, Granada, Spain)
has been introduced for the serodiagnostic of human brucellosis. The test does not
require skilled laboratory personnel or additional components, and results are read
after 24 h. Brucellacapt operates in acidic medium to avoid the low specificity of
IgM antibodies, employs B. abortus as the antigen, and detects agglutinating IgG
and IgM antibodies, as well as nonagglutinating antibodies to the three smooth
O-polysaccharide-containing Brucella species (162). The test consists of strips of micro-
titer wells coated with anti-human immunoglobulins. Diluted patient’s serum and
antigen are added to the wells, and the strips are incubated for 24 h at 37°C. Aggluti-
nation defines a positive test result, whereas reactions exhibiting a central pellet in the
bottom of the well are interpreted as negative.

In general terms, the Brucellacapt assay gives titers that are concordant with or
higher than those in the Coombs test in the early stages of the infection, and titers of
=1:640 are usually observed in patients with brucellosis of long evolution, many of

January 2020 Volume 33 Issue 1 e00073-19

Clinical Microbiology Reviews

cmr.asm.org 27


https://cmr.asm.org

Yagupsky et al.

whom may exhibit nondiagnostic SAT titers (<1:160) (162). A pronounced and rapid
decrease in the Brucellacapt titers is observed at the end of successful antimicrobial
therapy, whereas in patients with relapse or reinfection, a 2- to 5-fold increase in the
antibody titers generally occurs (143). It should be noted, however, that the Brucella-
capt results show wide differences between individuals, and one of the relapsed
patients exhibited a one-dilution decrease in the titer (143). In most cases there is a
good correlation between the results of the immunocapture agglutination and those
obtained with the Coombs tests; however, in some cases of relapse or prolonged
disease, only slight changes in low-affinity antibodies occur, for which the Coombs test
is @ more sensitive detector. In summary, the Brucellacapt test is a sensitive marker of
the progression of the infection and, because of its simplicity compared to the Coombs
test, is preferable for the follow-up of treated patients (143). When the performance of
the test was assessed in an region of endemicity of Spain, none of the 278 SAT-positive
sera were negative by the Brucellacapt assay, demonstrating adequate sensitivity.
However, 127 of 606 (21%) SAT-negative sera exhibited a positive Brucellacapt result,
and the specificity was only 63% when patients who had diseases other than brucellosis
were tested (162). Naturally, at a higher cutoff value, the specificity of the assay
improved but at the expenses of its sensitivity (162).

IgG avidity ELISA. The IgG avidity ELISA, a modification of the traditional ELISA, is
based on the concept that, over time, the initial low-affinity IgG antibodies are
gradually replaced by high-affinity antibodies. Pairs of wells of a microtiter plate coated
with B. abortus S-LPS are incubated with each patient’s serum. For each serum, one well
is then washed with phosphate-buffered saline (PBS), and the other well is washed with
highly concentrated urea diluted in PBS (163, 164). The low-affinity antibodies are
removed from the binding sites by the urea, leaving the high-affinity ones attached to
the solid phase. Subsequently, an ELISA for IgG antibodies is performed. An IgG avidity
index (Al) is calculated by dividing the absorbance of urea-treated microwells by the
absorbance of the untreated ones and multiplying by 100. A high Al suggests immu-
nological memory and a more mature immune response, whereas a low Al is inter-
preted as consistent with recent infection (165). The test has been advocated to
differentiate patients with an active brucellar disease from those with remote or past
infections (163). Despite its potential usefulness, the test conditions have not been
standardized yet, and the Al cutoff values have varied between studies (163, 164).

Serological Tests That Target Cytosolic Proteins

ELISA. The enzyme-linked immunosorbent assay (ELISA) has become increasingly
accepted for the same-day diagnosis of brucellosis. The test is performed in 96-well
microtiter plates that are precoated with Brucella antigen (whole cells or sonicate,
protein extracts, or other antigen). Although the ELISA method can be also employed
for the detection of S-LPS, plates are usually coated with cytosolic protein antigens. The
patient’s serum is serially diluted and poured into the wells, and the plates are
incubated. After a washing step, an enzyme (usually alkaline phosphatase or horserad-
ish peroxidase)-conjugated anti-human IgG, IgM or IgA is added. The enzyme-specific
substrate is subsequently also added, and following a second incubation, the optical
density of the wells is measured at the appropriate wavelength.

The sensitivity of in-house ELISAs is usually high, but the specificity is lower than
that of agglutination tests. Commercial ELISA kits usually perform less well and should
be evaluated taking in consideration the epidemiological background when employed
in regions of endemicity (8). For some authors, ELISA is the preferred choice for
complicated, focal, and chronic cases. Use of the ELISA is also indicated when patients
present with a clinical picture that suggests a brucellar infection but other serodiag-
nostic tests are negative. The test is also recommended for the serodiagnosis of
neurobrucellosis when performed on CSF specimens (147). Because it enables the
simultaneous testing of multiple samples, ELISA is also widely used for epidemiological
serosurveys. It is also the preferred technique for detecting specific immunoglobulin
isotypes. False-negative results for anti-Brucella IgM antibodies, however, may result
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from an excess of 1gG, and therefore both IgG and IgM isotypes should be tested
simultaneously (13). False-positive results due to the presence of rheumatoid factor
may also occur, and it should therefore routinely be removed by absorption of the
serum before testing for the presence of Brucella IgM antibodies (13).

Novel Serodiagnostic Tests

TR-FRET assay. Fluorescent resonance energy transfer (FRET) is made possible when
donor and acceptor fluorophores with appropriate spectral features, located at close
proximity and correctly oriented, transfer energy between them. Labeling a given
antigen and its complementary antibody with adequate fluorophores enables accurate
measuring of the amount of energy transferred after the excitation of the donor
fluorophore (166). In recent years, novel fluorophores with long fluorescent lifetimes
have been introduced to improve the specificity of the reaction by removing the
background non-FRET fluorescence. The underlying biological principle of the time-
resolved FRET (TR-FRET) assay for brucellosis is that serum antibodies against the
Brucella S-LPS outcompete a labeled monoclonal antibody that is also specific for this
antigen. This competition decreases the attachment between the monoclonal antibody
and the S-LPS antigen, and hence, the energy transfer measured by the fluorescence of
the conjugate will be reduced. The assay is performed in a 96-well microtiter plate after
a single 30-min incubation period and no washing steps, followed by fluorescence
reading of the loaded wells.

The performance of the test has been assessed with a panel of sera derived from 73
individuals with proven brucellosis and 480 controls and compared to that of tradi-
tional serodiagnostic tests. The results of the TR-FRET assay were similar to those
obtained with the comparators, and the method proved also to be effective with serum
samples of poor quality collected in the field (166).

FPA. The principle of the fluorescent polarization immunoassay (FPA) is based on
measuring the difference in rotational velocity between a small antigen molecule in
solution, labeled with a fluorochrome, and the same antigen molecule conjugated with
its antibody. The rather small brucellar S-LPS molecule will rotate at a rapid pace,
resulting in rapid depolarization of light, whereas the much larger antigen-antibody
complex will rotate at a lower rate, resulting in a reduced rate of light depolarization.
The difference can be measured accurately, and results can be obtained in minutes
(167). The FPA technology has been successfully tested for the diagnosis of the
zoonosis in domestic and feral animals, as well as for brucellosis screening in the dairy
industry. In a pioneer study, the potential use of the FPA method was evaluated with
340 sera from blood donors and showed a specificity of 97.9% (168). When sera from
patients with acute infections or relapses caused by B. melitensis, B. abortus, or B. suis
were tested, an overall sensitivity of 96.1% was found. Because of the ease of the
procedure, the researchers concluded that the FPA could be readily adopted for use in
clinical laboratories, blood banks, and, given portable equipment, also in the field (168).
Although the latter configuration could obviate shipping samples from remote areas
and waiting for results, the dependence on highly sophisticated laboratory equipment
and reagents might make the assay far too expensive.

Rapid Point-of-Care Tests

Human populations affected by endemic brucellosis frequently consist of shepherds
of goats, sheep, or camels living in remote rural areas who migrate seasonally in search
of fresh pastures. Shipping cooled or frozen serum specimens from the field to distant
centralized testing laboratories, as recommended (98), and getting the test results back
soon enough to make an impact on the patient’s management imply insurmountable
logistic difficulties. Moreover, performance of traditional confirmatory serological tests
such as the SAT, Coombs test, or complement fixation or of the newest Brucellacapt
assay, FPA, or TR-FRET assay requires well-equipped laboratory facilities and highly
trained personnel, which are generally not available in regions where the zoonosis is
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endemic. To overcome these impediments, rapid tests that can be performed bedside
and provide almost immediate results have been developed in recent years.

Dipstick assay. The dipstick assay is a rapid test in use for the detection of
Brucella-specific IgM antibodies. The assay consists of a strip of nitrocellulose containing
S-LPS derived from B. abortus as the antigen applied in a distinct line. A wetted dipstick
strip is incubated for 3 h in a mixture of patient’s serum and detection agent (a
monoclonal anti-human IgM antibody conjugated to colloidal dye particles of Palanyl
red [169]). After completing this step, the strip is rinsed with tap water and dried at
room temperature, and the staining intensity is compared to a colored reference.
Performance of the test is simple and does not require technical expertise or special
equipment. Because only IgM antibodies are detected, the dipstick is particularly useful
for the diagnosis of recent-onset brucellosis, but it proved to be inadequate for
protracted and chronic cases (169, 170). For instance, in a comparative study performed
in an region of endemicity in Albacete, Spain, 1 month after the onset of antibiotic
treatment, only 7% of sera obtained from patients with acute brucellosis were still
positive by the dipstick test, whereas the detection rate for the SAT and 2-ME test was
46% and that for the Coombs test was 92% (171).

LFA. The lateral flow assay (LFA) is a simplified version of an ELISA contained in a
suitable plastic device. The assay consists of a nitrocellulose detection strip containing
B. abortus LPS, flanked at one end by a reagent pad and at the other end by an
absorption pad, and a reagent control applied in distinct lines. The reagent pad
contains dried colloidal gold anti-human IgM and anti-human IgG conjugates as the
means of detection (172).

The LFA was conceived for bedside use: it employs a tiny blood drop drawn by
fingerprick; it does not require laboratory expertise, special equipment, or an electric
supply; and results are easy to interpret. The different test reagents have been stabi-
lized so they do not need refrigeration for transportation or storage, an important
advantage in field studies. In the published experience of Smits et al., the sensitivity of
the LFA was similar to that of the SAT at a cutoff value of 1:160 (>95%) and superior
to that of the comparator when a SAT titer of 1:320 was employed, with a specificity of
98% for samples obtained from asymptomatic controls (172). Similarly favorable results
were also obtained in a Turkish study in which the LFA was found to be slightly more
sensitive than the classic SAT and 2-ME test (173).

RBT as a rapid diagnostic test. In recent years, the rose bengal test (RBT) has
become popular in hospital emergency departments for the rapid diagnosis or exclu-
sion of brucellar infections in patients presenting with a febrile syndrome (130). The test
is performed with undiluted patient’s serum on a glass slide or on a smooth and clear
surface such as a clean white tile, and results are obtained within a few minutes.
However, establishing the diagnosis of the disease and prescribing prolonged antibiotic
therapy to individuals who are repeatedly exposed to Brucella organisms, such as
shepherds, abattoir workers, veterinarians, dairy industry professionals, and personnel
in microbiology laboratories, or to those who have a history of brucellosis on the sole
basis of a positive RBT is not indicated and may also conceal other clinically significant
diseases (130).

Novel Experimental Antigens and Tests and Future Developments

Novel assay platforms and configurations, whether laboratory or point-of-care
based, are desirable and welcomed, but the quality of the antigen remains the most
crucial component of the diagnostic performance of the test (174). In attempting to
increase the specificity of the serological assays for brucellosis, the challenge has been
to find a trustworthy replacement for the native Brucella LPS antigen. Many potentially
useful proteins have been proposed and tested, but despite the growing number of
reports praising the merits of one antigen or another, none have yet gained universal
acceptance as an alternative to the traditional LPS.

Novel antigens. (i) Synthetic oligosaccharides. Given the dominance of the LPS O
chain as a target for polyclonal antibodies, artificial p-Rha4NFo homo-oligosaccharides

January 2020 Volume 33 Issue 1 e00073-19

Clinical Microbiology Reviews

cmrasm.org 30


https://cmr.asm.org

Laboratory Diagnosis of Human Brucellosis

have been synthesized, each containing the capping M epitope and a single «a(1—3)
link but with a varied number of «a(1—2) links. The diagnostic performance of these
synthetic antigens was assessed with panels of bovine serum samples that included
specimens that gave false-positive results when tested by traditional serodiagnostic
assays, and the results were compared with those obtained with conventional tests
(175). The synthetic antigens showed improved specificity, suggesting that these
oligosaccharides could be used in the future as surrogates for naturally derived
antigens in serodiagnostic tests (175).

(i) Recombinant Brucella proteins. In recent years, biotechnological progress in
mass spectrometry for protein identification, combined with availability of genomic
data, has made production of recombinant proteins more accessible. These advances
are coupled with immunoselection procedures aimed at identifying novel and im-
proved antigens to be used for the serodiagnosis of human infections.

Sera obtained from Brucella-infected individuals as well as healthy controls are
subjected to immunoscreening against immunoblotted whole proteomes of the rele-
vant organisms mapped by two-dimensional gel electrophoresis methods (174). Unlike
the repeating polysaccharide of Brucella LPS, proteins contain several different
epitopes. Some of these epitopes are Brucella specific, but others may be present in
different protein antigens, even if the entire protein is itself unique. Therefore, research
has shifted from studying the antigenicity of complete proteins to focus on the immune
response at the peptide level. Several studies have showed that peptides derived from
the outer membrane protein BP26 of B. melitensis may be more effective diagnostic
antigens than the whole naturally occurring protein (176, 177). Once potentially
valuable proteins have been identified, the peptides within are screened in silico for
their antigenicity. To facilitate the selection procedure, highly sophisticated software
tools have been developed (178). Once in silico research has identified potential
candidate peptides, a full in vitro proteomic investigation is performed with the aid of
high-throughput microarrays, which currently enable simultaneous analysis of up to
10* different peptides (179). Antigens of interest thus identified are cloned and
expressed in an Escherichia coli system, extracted, and purified. As the result of this
multistep approach, a wide variety of candidate proteins that are less immunodomi-
nant but more specific as brucellar antigens are currently being investigated.

Pioneering studies show that the outer membrane protein Omp31 of B. melitensis
reacts with serum of animals with brucellosis when tested by ELISA, and this reactivity
is absent from the serum of uninfected animals (180). The performance of Omp31,
however, exhibits wide disparities in sensitivity and specificity among the domesticated
animal species tested, and no information on its performance with human sera is
currently available (176).

The potential use of recombinant whole proteins or peptide derivatives such as B.
abortus Omp28 and the periplasmic protein BP26, Brucella lumazine synthase, and the
B. melitensis Omp2a protein in bacterial expression systems is currently being investi-
gated for use in veterinary medicine (181, 182). So far, the results are unsatisfactory and
inferior to those obtained with traditional serological assays. The suboptimal perfor-
mance of these novel antigens might be caused by alterations in the tertiary structure
of the proteins and their immune-dominant epitopes during the Western blotting
process or by their poor binding to polystyrene microtiter plates employed in ELISAs.
It should be pointed out that even if these technical problems will be solved in the
future, the resulting novel serological assays will continue to suffer from many of the
traditional shortcomings described in “Serological Diagnosis of Human Brucellosis:
Imperfect but Indispensable” above, which are immanent to the serodiagnostic strat-
egy itself.

Antigen capture antibody technology. A radically different approach, in which
high-affinity antibodies are employed in a capture assay to detect brucellar S-LPS in the
blood and possibly in other normally sterile body fluids and exudates, has been
proposed by Patra et al. (183). The test was validated in an experimental murine model
of high-magnitude B. melitensis bacteremia and was subsequently evaluated in Peru-
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vian patients with culture-proven disease. Seven of 10 bacteremic patients had detect-
able B. melitensis S-LPS in the blood. One of 10 patients who experienced a relapse of
the infection but whose blood cultures remained negative had a positive serum antigen
test. No patients who exhibited negative blood cultures showed a positive blood S-LPS
test result. As the investigators rightly acknowledge, the test sensitivity would probably
be insufficient to detect S-LPS in patients with prolonged infection and focal disease,
and its performance with specimens other than serum needs to be further evaluated
(183).

Conclusions

The traditional serodiagnosis of human brucellosis has the evident drawbacks of low
sensitivity in the early phase of acute disease, suboptimal specificity caused by cross-
reacting bacterial species, and difficulties in differentiating active disease from past
infections and inconsequential exposure to the organism. However, because of their
relative simplicity, low cost, and high negative predictive value, serological tests remain
the main diagnostic tools in areas of endemicity with limited economic and technical
resources. An initial screening of the patient’s serum by the sensitive RBT should be
followed by a more specific confirmatory test such as the SAT or the immunocapture
agglutination assay. The recent development of synthetic antigens seem likely to
improve the sensitivity of future tests, while novel point-of-care assays hold the
promise of providing rapid and reliable results without the need for costly equipment
or technical expertise and may dispense with the need of shipping serum specimens
under refrigerated conditions to distant central laboratories.

DIAGNOSIS OF BRUCELLOSIS BY NUCLEIC ACID AMPLIFICATION TESTS
Nucleic Acid Amplification Tests: an Alternative to Conventional Microbiological
Diagnosis

The last 20 years have witnessed continuous advances in the molecular diagnosis of
bacterial infections and especially those caused by uncultivable and difficult-to-culture
microorganisms. Because of their fastidious nature, Brucella spp. have been considered
natural candidates for diagnosis by nucleic acid amplification tests (NAATs) from the
outset. Even though there exists a wide array of serological tests and automated blood
culture instruments have reduced the time needed for isolation, conventional methods
for the microbiological diagnosis of human brucellosis still have important limitations,
as described earlier. It would therefore seem logical to seek new tools for the diagnosis
of human brucellosis that are safer, faster, and more efficient. As with other bacterial
infections, these alternatives could come from the field of molecular biology.

Genomics and Phylogenomics of the Brucella Genus

In 2002 the genomes of B. melitensis 16M (184) and B. suis 1330 (185) were fully
sequenced and analyzed. The genomes showed great similarity and gene synteny, with
an identity of 98 to 100% in over 90% of the genes. Three years later the full sequences
of B. abortus 2308 and B. abortus 9941 (186) were published, covering the full genome
content of the three species responsible for the overwhelming majority of cases of
human disease.

Currently, the genus Brucella groups a total of 11 species: the six classic species B.
melitensis, B. abortus, B. suis, B. canis, B. ovis, and B. neotomae; two species isolated from
marine mammals, B. ceti and B. pinnipedialis; and three new species, B. microti, B.
inopinata, and the recently described B. papionis (187).

As of the end of 2018, whole-genome sequencing data are available for five strains
of B. melitensis (16M, M28, M5-9, ATCC 23457, and NlI), four strains of B. suis (1330, ATCC
23445, VBI22, and 019), four strains of B. abortus (519, 9-941, A13334, and 2308), one
strain of B. ovis (ATCC 25840), two strains of B. canis (ATCC 23365 and HSK A52141), one
strain of B. microti (CCM 4915), one strain of B. pinnipedialis (B2/94), and at least another
61 genomes of different members of the genus, some of them at various stages of
completion. Genomic comparison between the different species and strains that have

January 2020 Volume 33 Issue 1 e00073-19

Clinical Microbiology Reviews

cmr.asm.org 32


https://cmr.asm.org

Laboratory Diagnosis of Human Brucellosis

already been sequenced has confirmed the similarity of chromosome sizes, nucleotide
composition, and gene synteny among Brucella organisms (186). With the exception of
Brucella suis biovar 3, which has a single 3.1-Mb chromosome, all other Brucella species
possess two circular chromosomes of about 2.1 Mb and 1.2 Mb that share a GC content
of 57.2%, a similar proportion of encoding regions, and an equivalent distribution of
constitutive genes. The relatively large size of the genome suggests that it comprises
a wide repertoire of genes that enable brucellae to thrive in different ecosystems,
including the environment and the intracellular milieu, and infect a variety of animal
hosts (188). Chromosome | encodes most of the core metabolic machinery, while
chromosome Il contains gene complexes of plasmid replication and conjugation, as
well as genes involved in auxiliary metabolism and cell processes. Although of a
different evolutionary origin, there are also essential genes located on both chromo-
somes, with a similar distribution in the sequenced species (185).

Of note is the presence on chromosome Il of a gene complex for flagellar synthesis,
with 31 genes grouped in three loci. All Brucella genomes have truncated genes
essential for flagellar functionality, except for B. microti, which has no evident defects
in the components of the flagellar complex. The flagellar genes present in B. microti are
identical to those of Ochrobactrum anthropi, although they display differences in gene
organization (189). Although Brucella species do not exhibit motility, the presence of
flagellar genes may be necessary for other functions, such as virulence (190).

The insertion sequence element 711 (IS777) is present in all strains of the genus and
spread on the two chromosomes with different positions and number of copies. Closely
related organisms and, specifically, members of the genus Ochrobactrum do not harbor
insertion sequences similar to I1S7717, suggesting that this genomic component is native
to the Brucella genus (191).

Although brucellae show a high degree of genomic homology, various studies have
shown a remarkable variety of insertions, deletions, and recombinations among Bru-
cella species and strains. Establishing the precise genetic relation between the different
brucellae is important to understand their ecology, evolutionary history, host relation-
ships, and pathogenicity, as well as for the development of genotyping methods.

The relatively small size of the bacterial genomes has facilitated their phylogenetic
analysis and led to deeper understanding of their evolution at the genus and even the
species level in a variety of organisms (192-194). The phylogeny of the Brucella genus
has been analyzed with various molecular typing techniques, including multiplex PCR,
single nucleotide polymorphism (SNP) analysis, and multilocus sequence typing or
multilocus sequence analysis. Although none of these methods has been able to fully
clarify the phenotypic particularities and host tropism exhibited by the different
species, the availability of whole-genome sequencing and the global genome-wide SNP
analysis is leading to better understanding of the phylogenetic evolution and patho-
genicity of the different members of the Brucella genus (195, 196).

Whole-genome analyses possess an extraordinary resolution capacity to differenti-
ate phylogenetically closely related bacterial isolates. Whole-genome comparisons
have shown that B. canis and B. suis biovars 3 and 4 have such nucleotide similarity that
B. suis can be considered a paraphyletic species and that B. canis seems to have arisen
directly from an ancestor of B. suis (197). Likewise, it is possible to assume that the
Brucella genus has its origins in soil- or plant-associated bacteria and that both B. suis
and B. microti could have a replication cycle outside the mammalian hosts (198). The
notable genetic homogeneity of the Brucella genus may possibly be related to the
relative youth of the lineage, as well as the poor lateral transfer rate of isolated genes
and whole genomic islands from other bacteria (185, 199).

Genomic studies of the newly reported Brucella species could lead to better under-
standing of the diversity and intricate interconnections within the genus, especially
between the marine and terrestrial species. As new sequencing techniques become less
expensive and simpler, the whole-genome SNP-based approaches will soon allow for
phylogeographic reconstruction of Brucella populations and determine with greater
accuracy the origin and the global spread of the different species (200) and the position
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TABLE 5 Molecular targets and primers most frequently used for the molecular diagnosis of human brucellosis

Target gene Primer Sequence (5'-3’) PCR product (bp) Authors (reference)

omp2 JPF GCGCTCAGGCTGCCGACGCAA 193 Leal-Klevezas et al. (202)
JPR ACCAGCCATTGCGGTCGGTA

omp31 F TGGTAAGGTCAAGTCTGCGTT 281 Kattar et al. (203)
R CTTCTTCATTCCGTGTTCGTG

omp282 26A GCCCCTGACATAACCCGCTT 1,029 Mitka et al. (205)
26B GAGCGTGACATTTGCCGATA

16S rRNA F4 TCGAGCGCCCGCAAG GGG 905 Romero et al. (206)
R2 AACCATAGTGTCTCCACTAA

IS711 1 TCAATCCAACACGTTCC 52 Al-Nakkas et al. (210)
12 TCCTTGTACAGCCTCC

besp31 B4 TGGCTCGGTTGCCAATATCAA 223 Baily et al. (213)
B5 CGCGCTTGCCTTTCAGGTCTG

9Encoding the Omp28 protein (also named BP26) of B. melitensis.

occupied by the new atypical strains that are currently being isolated from amphibians
and other animal hosts (201).

Targets and Primers

As with any other microorganism, PCR-based methods to detect Brucella DNA use a
wide array of different targets and primers. Although the medical literature comprises
multiple reports on the molecular diagnosis of brucellosis, the overall number of
genomic targets remains relatively small. The most commonly employed are summa-
rized in Table 5.

The genes encoding outer membrane proteins Omp2 and Omp31 were initially used
as the amplification targets in diagnostic NAATs (202, 203), though interest declined
when deletions of the omp37 gene in some strains of B. abortus were disclosed (204).
More recently, the diagnostic performance of the omp28 gene, also named bp26, has
been compared with that of the omp2 and bcsp31 genes, without demonstrating any
advantage in terms of sensitivity (205).

The use of 16S rRNA as an amplification target is very common in the molecular
diagnosis of many bacterial infections. The presence of multiple copies of the gene in
the bacterial genome and of genus- and species-specific variable regions makes its use
particularly attractive (206-208). However, cross-reactions with other alphaproteobac-
teria and the greater sensitivity shown by other, more-specific targets limit its appli-
cation in the diagnosis of brucellosis (209).

Amplification of the insertion sequence 1S711, which is present with a variable
number of copies in all Brucella species hitherto described (210), is very frequently used
in the molecular diagnosis of the disease. A study that evaluated the diagnostic
performances of different genomic targets showed IS771 to be more sensitive than its
comparators (211). However, the sequence variation in the IS777 element between
Brucella species, and even its absence in some strains, has brought the validity of its use
as an amplification target into question.

The bcsp31 gene encodes the synthesis of an immunogenic membrane protein of 31
kDa that is specific to the Brucella genus (212). Used initially by Baily et al. (213), it is
currently the most frequently used target in all PCR formats, as well as in a variety of
clinical settings of Brucella infection.

Specific targets for the vaccine strains (B. melitensis Rev 1, B. abortus B19, and B.
abortus RB51) have also been described, but only limited information is currently
available on the diagnostic performance of these targets (214, 215).

Use of Nucleic Acid Amplification Tests in Different Clinical Specimens
As with traditional cultures, Brucella spp. can be identified by NAATs in any clinical
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sample, such as blood or other normally sterile body fluid, as well as tissues and
exudates. It should be emphasized that, independently of its tendency to cause focal
complications, human brucellosis is a systemic infection. Accordingly, peripheral blood
is the clinical sample that usually has the best yield and with which most experience
has been gathered over the years.

Whole blood samples. Because the bacterial concentration in the blood of patients
with brucellosis is known to be usually low (65) and members of the genus Brucella are
facultative intracellular pathogens, the initial studies used samples of peripheral whole
blood, on the assumption that this would enable the maximum amount of circulating
DNA to be rescued (216). Unfortunately, the high concentrations of human genomic
DNA in whole blood and the strong inhibitory effect on the Tag polymerase exerted by
molecules of the heme group severely compromised the performance of NAATs (217).
To resolve this issue, some researchers have used other strategies that have shown
efficacy. These include using hydrogen peroxide with successive washes of the sample
and low concentrations of DNA in the assay mixture (218). However, these additional
manipulations not only increase the risk of sample contamination, they also complicate
and slow down the work in the clinical laboratory. Although use of the buffy coat could
eliminate some inhibitors that might copurify with the targeted bacterial DNA, this
specimen type has not become widespread because it usually requires treatment of the
sample with Ficoll-Hypaque (219).

Other possible specimens such as coagulated blood also require considerable
handling through mechanical or manual homogenization that could cause cross-
contamination between samples (220).

Serum samples. For operational reasons, serum has traditionally been considered
the most desirable specimen for NAAT-based diagnosis. However, in the case of human
brucellosis, serum was initially looked at with great caution as, at least theoretically, it
involved the risk of too small a concentration of circulating DNA. This doubt began to
be dispelled after a study demonstrated that the diagnostic yield of PCR assays was
better using patient serum than with whole blood samples (221). This may be because
DNA is released in the bloodstream as a product of bacterial breakdown during
bacteremia, and by the late 1990s many authors had shown the presence of detectable
amounts of brucellar DNA in serum in both systemic and focal infections (222, 223).

Constant improvements in the procedures for DNA extraction and the technology
used for the amplification process have shown that serum is also the sample of choice
for the molecular diagnosis of human brucellosis (224). At the present time, any clinical
laboratory, however poorly equipped, can perform suitable serodiagnostic tests when
the disease is suspected and can easily store an aliquot of the sample to complete the
study by a molecular assay in doubtful cases, either in the same laboratory if the
capability is available or by sending the specimen to a reference laboratory.

Specimens other than blood. Despite its systemic nature, from 25 to 35% of
patients with brucellosis (especially those infected by B. melitensis) have at least one
focal complication during the course of their disease (225, 226). Focal complications of
brucellosis can affect any organ and tissue, including, among others, those of the
osteoarticular, genitourinary, cardiovascular, and central nervous systems. Unfortu-
nately, in patients with localized forms of the disease, the frequency of detectable
bacteremia is much lower than that found in patients with acute noncomplicated
infection. For this reason, it is often necessary to resort to clinical specimens other than
blood to achieve a correct diagnosis. The yield of cultures from specimens other than
blood tends to be low (usually in the 10 to 20% range), particularly in diluted fluids like
urine or CSF (225-227). This explains why NAATs have become an attractive alternative
for diagnosing brucellosis in human patients with focal complications. Given the
potential heterogeneity of the relevant clinical specimens (bone, synovial fluid, urine,
hepatic tissue, CSF, etc.), the DNA extraction protocols have to be adapted and
validated for the different samples processed.

FFPE tissue samples. On occasion, especially in countries where brucellosis has
been virtually eradicated or has a low incidence, some patients whose attending
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physicians had not initially considered the possibility of a brucellar infection have
undergone a biopsy of the liver, bone, or other tissue for pathological examination.
Brucellar DNA can be extracted and amplified from formalin-fixed paraffin-embedded
(FFPE) tissue acquired from surgical biopsy samples (228). This enables the bacterio-
logical diagnosis to be established retrospectively when conventional microbiological
methods prove to be inconclusive (229). When resorting to this procedure, it is
important to use suitable and well-validated protocols for DNA extraction from FFPE
samples (230).

Brucella infections in humans produce granulomatous lesions that can at times be
difficult to differentiate from those produced by Mycobacterium tuberculosis. In addi-
tion, the anatomic distribution of the focal complications of brucellosis is similar to that
observed in some forms of extrapulmonary tuberculosis (231). Accordingly, in areas
where both brucellosis and tuberculosis are prevalent, it would be very useful to have
a tool able to differentiate the two etiologies in FFPE tissue samples.

Extraction and Amplification Strategies

Although the incidence of human brucellosis is low in most industrialized countries,
interest in the development of molecular methods for its diagnosis dates back to the
1990s (232). The incentives were primarily the great economic impact of animal
brucellosis, the difficulty of diagnosing a disease that has very few or even no
symptoms in most affected mammals, and the fact that the conventional diagnostic
methods for this zoonosis are slow and lack the desired sensitivity and specificity. Thus,
veterinary medicine led the way to the molecular diagnosis of human brucellosis (202,
232-234).

Extraction methods. The extraction method is known to substantially affect the
amount, purity, and integrity of the DNA obtained and, consequently, the sensitivity of
NAATs. Comparative studies have demonstrated differences in the DNA yield between
extraction methods as large as 2 orders of magnitude. This is particularly relevant for
the diagnosis of the disease when only a small amount of target DNA is present in the
clinical specimen (235).

During the early days of the use of NAATs, DNA extraction with phenol was widely
used as the preamplification step, although some researchers employed other custom-
ary extraction methods to avoid exposure to toxic fumes of the organic solvent. One
such strategy was that reported by Miller et al., which consisted of salting out the
proteins by dehydration and precipitation with a saturated NaCl solution prior to lysing
the bacterial cells with a combination of SDS and proteinase K. This simple procedure
succeeded in obtaining DNA amounts comparable to those extracted with the classic
phenol-chloroform combination (236).

The increasing use of NAATSs has led to the production of commercial extraction kits
that guarantee standardization and optimization of reagents for all phases of the
process. A wide range of products is now available for the manual and automated
extraction of DNA, using different protocols that vary according to the type of sample
to be assayed. In clinical laboratories automated extraction has clear advantages over
manual methods, including greater processing speed, less interassay variability, and the
possibility to work simultaneously on multiple samples.

Briefly, a commercial extraction method can be considered adequate if it rescues the
maximum amount of DNA from the microorganism in the sample, eliminates all
possible inhibitory factors in the sample, and prevents contamination. In addition, it
should be capable of being used with a wide range of different clinical specimens and
be subject to automation (237).

Recent years have seen a few comparative studies dealing with the efficiency of
various commercial extraction methods for the detection of brucellar DNA. In the first
of these reports, the authors compared the efficiency of seven commercial methods
(the UltraClean DNA BloodSpin kit, Puregene DNA purification system, Wizard Genomic
DNA purification kit, High Pure PCR template preparation kit, GFX GenomicBlood DNA
purification kit, NucleoSpin Tissue kit, and QIAamp DNA Blood minikit) for the recovery
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of DNA from serum samples spiked with known concentrations of Brucella Rev1 cells
(238). The authors found that although all the protocols tested were simple and easy
to use, there were important differences in the DNA recovery rates, the reproducibility
of the method, and the risk of contamination. Although all protocols enabled the
recovery of at least 102 fg of Brucella DNA, the extraction methods that used proteolytic
enzymes were the most efficient. With the exception of the UltraClean kit, all the other
kits exhibited some degree of contamination. The authors concluded that the Ultra-
Clean DNA BloodSpin kit was the most efficient commercial method for recovery of
Brucella DNA from serum (238).

The authors of another study that assessed the capacities of six commercial auto-
mated and manual methods (the MagNA Pure Compact and MagNA Pure LC instru-
ments, IT 1-2-3 DNA sample purification kit, MasterPure Complete DNA and RNA
purification kit, QlAamp DNA blood minikit, and UltraClean microbial DNA isolation kit)
to extract DNA from B. abortus, B. melitensis, and B. suis suspended in PBS or spiked
swab specimens concluded that although all the evaluated methods were highly
efficient at inactivating these three highly virulent Brucella species (an important
biosafety consideration), there were differences in the recovery rate and purity of the
extracted DNA depending on the sample type (239). For instance, the MasterPure kit
was the most sensitive when applied to bacterial suspensions, while the MasterPure
and MagNA Pure Compact methods were equivalent and superior to the comparators
for DNA extraction from spiked swab samples (239).

Finally, another study examined the efficiencies of six commercial extraction kits
(the QlAamp DNA minikit, PeqGold Tissue DNA minikit, UltraClean Tissue and Cells DNA
isolation kit, DNA Isolation kit for Cells and Tissues, and NucleoSpin Tissue) using
various tissues from animals naturally infected by B. melitensis. In this investigation,
most of the methods achieved good DNA recovery, though the QIAamp DNA minikit
provided the best results for most of the specimens (240).

In conclusion, all the commercial kits currently available inactivate Brucella organ-
isms, even at the high concentration of 10° CFU/ml, and most are able to recover
brucellar DNA efficiently from clinical specimens, although depending on the study
sample, there may be significant differences. Thus, given the wide variety of clinical
settings that can occur in human brucellosis and the potentially wide range of
specimen types, further studies are needed to define the most efficient extraction
protocols for each of them.

Amplification strategies. (i) Conventional PCR assays. The strategies employed to
amplify Brucella-specific targets in NAATs have evolved in parallel with the technical
advances in the field of molecular diagnosis, from traditional detection of amplification
by agarose gel electrophoresis to real-time PCR.

The first in-house PCR assays in which the amplified product was visualized using
agarose gel electrophoresis proved to be faster and more sensitive than brucellar
detection by conventional cultures (219). However, many of the early assays lacked the
desired analytical sensitivity, which resulted in the need for a nested PCR (241) or
visualization of the amplified product with dot blot or Southern blot steps (242).
Unfortunately, this additional handling favored contamination that, added to the
subjectivity of the interpretation of the results, represented a serious drawback that
precluded the routine adoption of this diagnostic approach by clinical laboratories.

(ii) PCR-EIA. In an attempt to overcome the difficulties posed by conventional PCR,
shorten the processing time, enable the simultaneous assay of multiple samples, and
avoid the use of toxic compounds such as ethidium bromide, researchers developed a
PCR-enzyme immunoassay (PCR-EIA) in a microplate format (243, 244). This NAAT
strategy consisted basically of hybridization with a biotinylated capture probe that is
complementary to the inner part of the amplicon previously labeled with digoxigenin.
This is then captured on streptavidin-coated microtiter plates and detected using an
anti-digoxigenin Fab-peroxidase (245). These PCR-EIAs had an analytical sensitivity of
around 10 fg of DNA, which corresponds to approximately two genomic equivalents, a
quantity that is probably present in most specimens derived from patients with active
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brucellar infection. In addition, interpretation of the PCR-EIA results was far more
objective than that of conventional PCR, and the method enabled handling of multiple
samples at the same time and automation and did not require the use of UV light or
working in a darkroom (246, 247).

(iii) Real-time PCR. Despite the introduction of conventional PCR and its predictions
for the accurate diagnosis of human brucellosis, followed by PCR-EIA, it was real-time
PCR that brought about the real advance, enabling molecular methods to be used for
the routine diagnosis of brucellosis outside reference laboratories.

First described at the end of the 1990s, real-time technology not only increased the
analytical sensitivity of the molecular tests but also improved their reproducibility,
simplified the technical aspects of the procedure, shortened the time needed to obtain
results, drastically reduced the chances of contamination, and enabled an approximate
quantification of the bacterial load originally present in the clinical specimen (248-250).
These important advances were possible because real-time PCR uses sealed capillary
tubes, the amplification process is monitored continuously, and the measured fluores-
cence is proportional to the amount of DNA generated during the thermal cycling.

The use of real-time technology for the amplification and detection of nucleic acids
has significantly increased test efficiency compared with that of conventional PCR or
PCR-EIA, as, after the extraction, the amplification and detection steps can be com-
pleted in 2 h, and it enables the simultaneous processing of multiple samples, an
important benefit in busy clinical laboratories.

Many methods of quantitative real-time PCR (Q-RT-PCR) have been described over
recent years. Some use DNA binding dyes like SYBR green | or EvaGreen, which are
simpler and relatively inexpensive but may detect nonspecific amplification products,
while others instead employ fluorophores attached to oligonucleotides (primer probes,
hydrolysis probes, or hybridization probes), which are more costly but specifically
detect the PCR product of interest (251).

With the gradual simplification of real-time PCR technology and the progressive
reduction in the price of reagents and thermocycler instruments, this powerful tool is
now available in most clinical laboratories in countries in the developed world.

(iv) Multiplex PCR. The wide range of symptoms and nonspecific presentation of
human brucellosis mean that it should be considered in the differential diagnosis of
many clinical entities, such as community-acquired febrile syndrome with no apparent
focus, lymphocytic meningitis, granulomatous hepatitis, epididymo-orchitis, septic ar-
thritis, and vertebral osteomyelitis. Using NAATs to identify the various etiological
agents that could be implicated in a particular syndrome is a slow and costly process.
Multiplex real-time PCR (M-RT-PCR) is a type of molecular diagnostic strategy that is
being increasingly used in different areas of DNA analysis, including infectious diseases
(252-254), because it enables the simultaneous amplification of many relevant species-
specific sequences in a single reaction. This capability is of great medical importance,
especially in infections such as meningitis or vertebral osteomyelitis in which a diag-
nostic delay can result in a poor prognosis.

The usefulness of M-RT-PCR has been assessed for the rapid differentiation of
brucellosis from extrapulmonary complications of tuberculosis (255) and for the iden-
tification of Brucella at the species level. This technique obviates the need not only for
time-consuming successive biochemical and serological tests but also for the required
handling of human pathogens that are transmissible in the laboratory setting (256).

Diagnostic Yield of PCR-Based Assays in Human Brucellosis

Although brucellosis in humans usually manifests as a febrile syndrome with no
apparent focus, either from the onset of the disease or during its course, Brucella
infections can affect any organ or body system and result in a variety of focal
complications and clinical scenarios. Unfortunately, the diagnostic yield of NAATs has
been sufficiently studied in only a few of these possible settings and mainly in
infections caused by B. melitensis. Bearing in mind these limitations, we shall concen-
trate on those clinical conditions where the accumulated evidence is greater.
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Acute infection. The first study designed to assess the diagnostic efficacy of NAATs
in human brucellosis was published in 1996 by Matar et al. (219). Using the buffy coat
as a clinical sample and the primers B4 and B5 described by Baily et al. (213), Matar el al.
assayed a conventional nested PCR assay that amplified the 223-bp target sequence of
the gene encoding a 31-kDa protein (BCSP31) which is conserved in all Brucella species.
The study included 20 patients with brucellosis, of whom 17 had acute symptoms. The
control group comprised 9 patients with typhoid fever and 30 blood donors. The
sensitivity and specificity of the PCR assay were 100%. Despite these initial promising
results, the study had a few important limitations. Confirmatory blood cultures were
performed for only two of the brucellosis patients, the control group mostly included
healthy subjects, and the clinical information on the population was rather limited.

One year later and using an identical target and primers, Queipo-Ortufio et al.
assessed the performance of a single-step conventional PCR assay employing periph-
eral whole blood as the clinical specimen (242). This study included 50 blood samples
from 47 consecutive patients, 35 of them (70%) with a positive blood culture for B.
melitensis and the remaining 15 (30%) diagnosed by clinical and serological criteria. As
well as having a larger sample size, the control group in this study included 60 samples
taken from 15 patients who had other febrile syndromes, 20 samples from asymptom-
atic patients who were professionally exposed to Brucella organisms or patients with a
history of brucellosis during the previous 12 months and high titers of Brucella anti-
bodies, and 25 blood specimens from healthy individuals with no history of brucellosis
or potential exposure to Brucella organisms (242). The sensitivity of the NAAT was 100%
and the specificity 98.3%. Although this study, like the earlier one, was also open, its
results can be considered of higher validity due to the larger sample size, more rigorous
inclusion criteria, and enrollment of a control group more clinically relevant to the
diagnosis of brucellosis in daily medical practice.

Based on these findings and in an attempt to eliminate the deficiencies of employ-
ing whole blood, Zerva et al. reproduced the aforementioned study with a very similar
methodology but using serum as the clinical specimen. This study, comprising 31
consecutive brucellosis patients, showed high sensitivity and specificity of the NAATs
(94% and 100%, respectively) (221). Since these pioneering results, many others have
considered serum to be the most suitable specimen for the molecular diagnosis of
human Brucella infections.

Using a single-step in-house conventional PCR method, Mitka et al. assessed the
diagnostic yields of four different genomic targets: bcsp37, omp28, and two different
sequences of the omp2 gene, which encodes an outer membrane protein of 26 kDa of
B. abortus (205). The authors assayed simultaneously buffy coat, whole blood, and
serum samples from 200 patients with brucellosis, 148 of them (74%) with a confirma-
tory blood culture and the remaining 52 diagnosed by a combination of clinical and
serological criteria. The authors reported that the four assays were 100% specific, with
sensitivity rates ranging from 95.5% to 100% depending on the amplification target and
the clinical sample used (205).

Once NAATs were accepted to be more sensitive than culture and more specific
than serological methods for the diagnosis of acute Brucella infection in humans, it was
then necessary to simplify the methodology and make interpretation of the results
more objective, so as to enable the molecular technology to be used in any clinical
laboratory. Accordingly, using the experience of their previous studies with a segment
of the gene encoding the protein BCSP31 as a target and the B4 and B5 primers, Morata
et al. developed a novel diagnostic PCR-EIA microplate assay. Its efficacy was studied in
59 whole blood samples drawn from 57 consecutive brucellosis patients, of whom two
provided two samples, the first obtained at the initial infection and the second during
a relapse of the disease, and a control group consisting of 113 blood samples from 30
patients with febrile syndromes of other etiology, 41 asymptomatic individuals with a
history of brucellosis treated successfully during the previous 12 months, 14 asymp-
tomatic subjects professionally exposed to Brucella organisms and exhibiting persistent
high titers of antibrucellar antibodies, and 28 healthy subjects (245). The results of the

January 2020 Volume 33 Issue 1 e00073-19

Clinical Microbiology Reviews

cmrasm.org 39


https://cmr.asm.org

Yagupsky et al.

study demonstrated that the reproducibility of the PCR-EIA was good and its detection
limit was 10 fg, identical to that reported by the same authors using a conventional
single-step PCR plus hybridization with dot blot (242). The sensitivity of the PCR-EIA was
94.9% and the specificity 96.5%. Three of the four controls who gave a false-positive
result had a history of confirmed brucellar infection occurring between 6 months and
3 years before but had no clinical, serological, or bacteriological evidence of persistent
disease or relapse (245).

With a similar method but using a 52-bp fragment of IS777 as the target, Al-Nakkas
et al. studied a large group of patients with brucellosis, reporting a sensitivity of 96.9%
and a specificity of 100% (210). In a later study that employed the same target and
primers as those used by Morata et al. (245) but assaying in parallel one sample of
whole blood and another of serum, Vrioni et al. analyzed the diagnostic performance
of a PCR-EIA in a population of 243 patients with acute brucellosis (73.7% of them with
a positive blood culture) and 50 healthy controls (257). When the results for the whole
blood and the serum were considered together, the sensitivity of the NAAT was 99.2%,
being 79% for serum and 81.5% for whole blood when considered separately. Although
these results appear to be inferior to those reported by Morata et al. analyzing the
whole blood and serum samples separately, it should be noted that the volume of the
study samples was much smaller in the study by Vrioni et al. and that Morata et al.
assayed all the specimens in duplicate.

The ultimate catalyst for the molecular diagnosis of human brucellosis was real-time
PCR. The first study with this technology was reported in 2005 by Queipo-Ortufio et al.
(258). Using the same target and the same primers as in their previous studies on a
LightCycler platform (Roche Diagnostic, Mannheim, Germany) and using SYBR green |
as the intercalating fluorophore and 200 ul of serum as the clinical specimen, the
authors analyzed 62 serum samples derived from 60 consecutive patients diagnosed
with acute brucellosis and 65 serum samples from a rigorously chosen control group.
Despite the limitations of the small study population and the rigorous requirements fir
the control group, 40% of which involved asymptomatic persons with a history of
brucellosis who had been treated during the previous 12 months and individuals
repeatedly exposed to Brucella organisms, the NAATSs still had a sensitivity of 92% (a
much higher value than the detection rate of 65.5% for blood cultures performed in
parallel), a specificity of 96.4%, and positive and negative predictive values of 95.0%
and 92.5%, respectively. As other studies have now confirmed the high reproducibility
and analytical sensitivity of the real-time PCR in serum specimens (259, 260), as well as
the superior performance compared to PCR-EIA in whole blood samples (261), real-time
PCR is currently the most-used molecular method in the diagnosis of human brucel-
losis. Table 6 summarizes the yields of different PCR-based NAATSs in the diagnosis of
acute human brucellosis.

Focal complications. During the course of their disease, some 30% of brucellosis
patients have a localized infection. Given that the development of focal complications
is associated with a worse prognosis and the yield of blood cultures is much lower than
in acute nonfocal infections, there is surprisingly little information on molecular diag-
nosis techniques in this clinical setting. Although some evaluations of the NAAT
methods included a mixed population of patients with focal infections and individuals
with acute noncomplicated disease, none of these studies analyzed separately the
sensitivity of NAATs in peripheral blood samples in the two patient groups. Addition-
ally, the available information on the diagnostic yield of PCR in specimens other than
blood in patients with focal complications is even more scarce, limited in most reports
to the mere description of single cases (229, 262).

The most relevant study in this context is one performed by Morata et al. (227). The
authors compared the diagnostic capabilities of cultures and a conventional one-step
in-house PCR assay in 34 nonblood samples from 32 patients with different focal
complications (two had two concomitant foci of infection). The study specimens
comprised 8 synovial fluid aspirates from patients with peripheral arthritis, exudates
from 5 patients with hepatic or splenic abscesses, 5 urine samples from individuals with
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TABLE 6 Performance of the different blood NAATs used in the diagnosis of human brucellosis?

Clinical Microbiology Reviews

No. of cases/ No. (%) of culture-

NAAT performance (%)

Authors (reference) PCR method Specimen® no. of controls confirmed cases Sensitivity Specificity PPV NPV
Matar et al. (219) Conventional Buffy coat 20/39 1 (5.0) 100 100 100 100
nested PCR
Queipo-Ortuiio et al. (242) Conventional PCR  Whole blood 50/60 30 (60.0) 100 98.3 98.0 100
Zerva et al. (221) Conventional PCR  Serum 31/45¢ 13 (41.9) 94.0 100 100 95.7
Mitka et al. (205) Conventional PCR  Buffy coat 200/100 148 (74.0) 100 100 100 100
Morata et al. (245) PCR-EIA Whole blood 59/113 40 (67.8) 949 96.5 933 947
Al-Nakkas et al. (241) Nested PCR-EIA Whole blood 195/250 89 (45.6) 98.9 100 100 99.2
Vrioni et al. (257) PCR-EIA Whole blood + 243/50¢ 179 (73.7) 99.2 100 100 96.2
serum
Queipo-Ortufio et al. (258) Real-time PCR Serum 62/65 40 (64.5) 91.9 95.4 95.0 925
Debeaumont et al. (259) Real-time PCR Serum 17/60 17 (100) 64.7 100 100 90.9
Surucouglu et al. (260) Real-time PCR4 Serum 50/30¢ 18 (36.0) 88.0 100 100 833
Hasanjani Roushan et al. (270) Conventional Whole blood 50/30 5(10.0) 100 100 100 100
nested PCR
Navarro et al. (271) Q-RT-PCR Whole blood 18/30¢ 16 (88.9) 100 100 100 100
Vrioni et al. (137) Q-RT-PCR Whole blood 39/50¢ 13 (33.3) 100 100 100 100
Queipo-Orturio et al. (273) Q-RT-PCR Serum 46/64 32 (69.6) 95.7 92.2 89.8 96.7

aAbbreviations: PPV, positive predictive value; NPV, negative predictive value; EIA, enzyme immunoassay; Q-RT-PCR, quantitative real-time PCR.
bWhen multiple targets or specimen types were tested in the study, the data in the table refer to the target and sample that had the best diagnostic efficiency.

All controls were healthy adults.
dRoboGene Brucella detection kit (RoboScreen, GmbH, Leipzig, Germany).

epididymo-orchitis, CSF specimens from 5 patients with meningitis or meningoenceph-
alitis, 4 bone tissue samples from individuals with a variety of osteoarticular infections,
and the remaining 6 from patients with miscellaneous focal diseases. The samples from
the brucellosis patients were paired with an equal number of samples obtained from
an identical body site but with a microbiologically proven different etiology. The
sensitivity of the NAAT and that of the parallel culture in samples other than blood were
97.1% and 29.4%, respectively (227). Three-quarters of the patients who had negative
blood cultures had been administered antimicrobial agents during the previous days.
Interestingly, the NAAT detected two false positives in the control group (both were
patients with vertebral osteomyelitis due to M. tuberculosis), lowering the NAAT spec-
ificity to 94.1%. As the high specificity of the primers B4 and B5, which are known to
cross-react only with O. anthropi (263), is accepted, and after discarding the possibility
of cross-contamination of the specimens, the authors attributed the seemingly false-
positive results to a possible brucellar coinfection, as the patients were a shepherd and
a farmer repeatedly exposed to Brucella organisms who also had a positive PCR test for
Brucella in blood. Later, using a SYBR green | LightCycler-based real-time PCR assay, the
same researchers published very satisfactory results for nonblood specimens from
patients with brucellar genitourinary (264) and neurological (265) complications.

Li et al. have recently published excellent results with a real-time PCR assay on 31
formalin-fixed paraffin-embedded samples from patients with brucellar vertebral os-
teomyelitis who required surgical treatment because of neurological deficits (228).
Although the study has some limitations, as no data were given on the specificity of the
four primer pairs used, the culture results for the tissue samples studied, or the
characteristics of the control group, the results nevertheless suggest that for those
patients with a brucellar skeletal infection who had had a previous biopsy but for some
reason no etiological diagnosis had been established, this PCR assay could be useful for
determining the etiology of the disease a posteriori from paraffinized tissue samples.

Posttherapy follow-up and relapses. Due to its ability to survive and even multiply
within cells of the mononuclear-phagocytic system (266), infection by microorganisms
of the genus Brucella has a high tendency to relapse, even with appropriate antimi-
crobial treatment (267, 268). The relapse rate in human brucellosis ranges between 4%
and 30% and depends mainly on the efficacy of the administered treatment, its
duration, the patient’s compliance, and the development of focal complications (29).
Given that the yield of blood cultures in episodes of relapse is suboptimal and the
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serodiagnostic tests lack specificity in this clinical setting (28, 145), the molecular
diagnosis has raised great expectations for the follow-up of patients with brucellosis
after completion of antibiotic treatment, as well as for the early detection of relapses.
This is clearly shown by the considerable number of studies aimed at exploring these
aspects.

Morata et al. reported the results of the follow-up of a cohort of 30 adult patients
diagnosed with brucellosis, of whom 22 (73.3%) had the disease confirmed by culture
and the remaining 8 (26.7%) fulfilled clinical and serological criteria. After completion
of antimicrobial therapy, the patients were followed by a conventional in-house NAAT,
blood cultures, and a wide battery of serological tests, which were repeated at 2, 4, and
6 months, as well as at any time a relapse was suspected (269). On enrollment the NAAT
was positive in 29 of the 30 patients (96.5%), whereas the blood cultures were positive
in only 21 (66.7%). The NAAT became negative after concluding treatment in 28 (96.5%)
of the 29 patients in whom it was initially positive. In the two patients who experienced
a relapse of the disease 2 and 5 months after completion of therapy, the NAAT result
became positive again, while the blood culture isolated brucellae in only one of them.
In 4 other patients a clinical relapse was suspected but the molecular tests remained
negative, and on follow-up either an alternative diagnosis was made or the possibility
of reactivation of the disease was excluded after a prolonged clinical, microbiological,
and serological follow-up (269). Only one patient (3.5%), who underwent surgery for
vertebral osteomyelitis, had a positive PCR after adequate antibiotic combination
therapy for 3 consecutive months, even though the clinical response was satisfactory.

These preliminary results were later confirmed in a larger study that included 200
patients, 17 of whom (8.5%) relapsed after treatment (205). Using the same 223-bp
fragment of the bcsp37 gene as the target and the primers B4 and B5, the NAAT in
whole blood was positive in all the patients at the time of the initial diagnosis, became
negative in 183 of them (91.5%) at the end of treatment, and remained negative over
the 12 months of follow-up. All those patients whose PCR assay remained positive at
the end of therapy relapsed during the follow-up period. Of note was the fact that only
7 (41.2%) of the 17 patients who relapsed had positive blood cultures and only 4
(23.5%) showed increasing serological titers (205).

More recently, blood cultures, serodiagnostic tests, and a nested PCR assay targeting
the IS717 insertion element were used to examine 50 patients with brucellosis at the
time of diagnosis and 6 months after conclusion of treatment, as well as 30 controls
(270). At the end of treatment, the PCR test became negative in 43 patients (86.0%); the
clinical course was favorable in all of them, and the molecular assay remained repeat-
edly negative after 6 months. In the 7 patients who had a positive PCR test at the end
of treatment, five (71.4%) experienced a clinical relapse and two remained asymptom-
atic throughout follow-up (270).

These studies seem to confirm that a small percentage of patients have persistent
positive NAAT results after completing an apparently successful course of antimicrobial
therapy, while others suffer a relapse after their molecular tests have become negative.
In an attempt to clarify this conundrum, some researchers have studied the value of
quantifying the bacterial load in the posttherapeutic phase of the disease as a possible
way to predict effective treatment and therapeutic failure. The outcome of this attempt,
however, was not as encouraging as expected, and inconsistent results were noted.

In the first of these studies, Navarro et al. developed a Q-RT-PCR assay with TagMan
probes that amplified a 251-bp region of 1S777 specific for B. melitensis. They then
studied its diagnostic capability at the time of the initial diagnosis and during post-
treatment follow-up in a small sample of 18 patients with brucellosis as well as in 30
blood donors (271). The patients were enrolled at two medical facilities, were treated
with a variety of antimicrobial regimens, and a few of them participated in a pilot study
on doxycycline monotherapy. At the initial diagnosis, 16 patients (94.4%) had brucellae
isolated from the blood, whereas the Q-RT-PCR performed on whole blood samples was
positive in all the patients. Seven patients (39%) experienced one or more relapses after
completion of treatment that were uniformly detected by the NAAT. Only three
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patients (42.9%) had a positive blood culture in the course of the relapse, and two
(28.6%) exhibited increased SAT titers. No differences were seen in the bacterial load
detected at the time of the initial diagnosis between the patients who experienced a
relapse and those who remained asymptomatic throughout the follow-up period
(1,171 = 1,662 copies/ml [range, 7 to 4,528 copies/ml] versus 1,706 = 1,872 copies/ml
[range, 7 to 4,982 copies/ml], respectively). Nevertheless, the bacterial load was signif-
icantly higher in patients who had positive blood cultures during their relapses than in
those with no demonstrable bacteremia: 2,540 * 2,404 copies/ml (range, 113 to 4,920
copies/ml) versus 26 * 41 copies/ml (range, 3 to 88 copies/ml), respectively (P = 0.03)
(271). The most relevant point of this study was that at the end of follow-up, 7 of the
18 patients (38.9%), including 3 of the asymptomatic patients (27.3%) and 4 of those
who relapsed (57.1%), were still positive by Q-RT-PCR, although they exhibited low
bacterial loads.

Subsequently, and employing a similar study design, Vrioni et al. studied 39 patients
with acute brucellosis and 50 healthy controls using Q-RT-PCR. Of the 39 patients, 13
had been diagnosed by positive blood cultures and the other 26 based on clinical and
serological criteria. Blood samples were drawn from all the patients at the time of
diagnosis, at the end of treatment, and after 2, 6, 12, and 24 months of follow-up (137).
At diagnosis the Q-RT-PCR was positive in all 39 infected patients, with a mean bacterial
load of 803 = 1,236 copies/5ml (range, 26 to 4,570 copies/5 ml), whereas all the
controls had a negative test result. Thus, the sensitivity and specificity of the assay were
100%. After concluding treatment, the bacterial load fell slightly, and 87% of the
patients continued having a positive NAAT. During follow-up, 3 patients (7.7%) had a
relapse, with the blood culture becoming positive in only 1, and although the Q-RT-PCR
remained positive, their bacterial load did not rise compared to the previous result.
Notably, although all other patients remained asymptomatic during the posttreatment
follow-up, the Q-RT-PCR remained positive in 79.4%, 76.9%, and 61.9% of the cases at
2, 6, 12 months, respectively (137).

Another study addressed the behavior of the bacterial load after finishing antimi-
crobial therapy. It included 35 patients with brucellosis diagnosed 2 to 33 years
previously, of whom 17 were symptomatic (48.6%) and the remaining 18 (51.4%) had
no signs of persistent disease (272). Repeated whole blood and serum samples were
studied during a variable follow-up period. The authors reported that 28 (26.4%) of the
106 whole blood samples obtained at baseline from the 17 symptomatic patients had
a positive Q-RT-PCR result. The NAAT was also positive in 5 of the 36 sera (13.8%)
derived from the asymptomatic subjects. All the blood cultures drawn from both the
symptomatic and the asymptomatic individuals were negative. Based on the NAAT
results, 11 of the 17 (64.7%) symptomatic patients received at least one course of
antibiotics, but only 2 of them (18.1%) experienced long-term improvement of the
symptoms. In addition, 60% of the treated patients, though showing a low bacterial
load, still had a positive Q-RT-PCR at the end of the follow-up period (272). The authors
concluded that Q-RT-PCR is of little value for the follow-up of human brucellosis and
suggested that in a considerable percentage of patients the persistence of viable
Brucella organisms in nonidentifiable bacterial reservoirs would evolve to a chronic
infection, while other patients, even if asymptomatic, would experience DNAemia over
a prolonged period (137, 271, 272).

Despite being treated with adequate antibiotic regimens, a small percentage of
patients are known to continue experiencing nonspecific symptoms that are difficult to
interpret and to have no conclusive clinical or microbiological evidence of relapse (131).
Attempting to examine in more detail the clinical meaning of the long-term persistence
of DNAemia in treated patients with a favorable course and no evidence of relapse,
Queipo-Ortuio et al. assessed whether a bacterial load cutoff can differentiate patients
with active brucellosis from those with a cured past infection (273). The authors used
a Q-RT-PCR assay with serum samples to study 46 consecutive brucellosis patients and
a carefully chosen control group of 11 individuals with febrile syndromes initially
suggestive of brucellosis but in whom a different etiology was later established, 36
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asymptomatic subjects who had recovered from brucellosis during the previous 2
years, 12 members of families in which clusters of brucellosis were detected following
the consumption of unpasteurized dairy products, and 5 subjects potentially exposed
to Brucella organisms (3 veterinary surgeons and 2 abattoir workers) (273). The Q-RT-
PCR was positive in 44 brucellosis patients (95.7%) and five controls (7.8%). At the time of
diagnosis, 43 of the 44 (97.7%) infected patients had a bacterial load above 10° copies/ml,
whereas none of the 4 controls with a recent history of brucellosis in which Q-RT-PCR was
positive had a bacterial load of >4 X 103 copies/ml (273). Analysis of the cutoff points on
the receiver operating characteristic (ROC) curve showed that a threshold of 5 X 103
copies/ml differentiated patients with active brucellosis from healthy individuals with a
history of the infection; the area under the curve was 0.963. The Q-RT-PCR assay had a
sensitivity of 93.5%, a specificity of 98.4%, a positive predictive value of 97.7%, a negative
predictive value of 95.5%, and positive and negative likelihood ratios of 59.9 and 0.07,
respectively. Thus, the Q-RT-PCR exhibited a much higher discriminatory power than
cultures and serological titers in differentiating patients with active disease from those in
whom the infection was probably successfully eradicated.

Using a similar methodology, though with different follow-up periods, other re-
search groups have corroborated that the bacterial load in patients with acute brucel-
losis is generally higher than 5 X 103 copies/ml, falling progressively after administra-
tion of adequate antimicrobial therapy, provided that no treatment failures or clinical
or bacteriological relapses occur (274, 275). Some individuals, and particularly those
with repeated exposure to brucellag, continue to have a positive Q-RT-PCR on follow-
up, but the measured bacterial loads are usually very low.

Combined analysis of these studies discloses methodological aspects that could
explain the discrepancies in the bacterial loads observed in the posttreatment phase of
human brucellosis. In the studies reporting high percentages of asymptomatic patients
with a persistent bacterial load, the criteria for positivity of the test were more lax, as
a Q-RT-PCR result was considered positive when a single one of three replicates was
positive. The samples in the other studies, however, were processed in duplicate, and
both replicates had to give a positive result to be considered positive. Moreover, no
information was provided in these studies on professional or other potential contacts
with Brucella organisms among asymptomatic individuals with a persistent bacterial
load (137, 271, 272). In the study that included patients who were subjected to
experimental treatments with a single antibiotic, the relapse rate was far higher than
that usually found in clinical practice, demonstrating failure to eradicate the organism
and confirming the inadequacy of monotherapy for human brucellosis (271). Finally,
although the bacterial load of asymptomatic patients was generally found to be very
low, no study used an ROC curve to find a threshold for the bacterial load that could
indicate an association with active infection with a certain degree of certainty.

Further studies are needed to determine the true meaning of the transitory appear-
ance of low-grade bacterial loads in asymptomatic patients with a history of disease
(276). However, strict compliance with the guidelines for minimum information for the
publication of quantitative real-time PCR experiments (MIQE) could result in greater
homogeneity in the design of research studies and a reduction in interlaboratory
variability (277).

Identification of Brucellae, Species Identification, and Typing

From a mere clinical perspective and considering only the patient’s health care,
identification of the Brucella species causing the infection is not of interest (apart for
exceptional cases), as the treatment of human brucellosis does not vary according to
the specific etiological agent. In addition, the susceptibility of brucellae to the first-line
antimicrobial agents tetracycline, aminoglycosides, and rifampin has remained stable at
a low level for many years, and treatment failures and relapses are not usually caused
by acquired antibiotic resistance of the infecting strain (278). In fact, routine perfor-
mance of antibiotic susceptibility studies of Brucella isolates is strongly discouraged, as
it involves a substantial hazard of exposure and contagion without obvious benefit.
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However, it is recommended that all isolated strains should be sent to a reference
laboratory for complete identification to the species level of the recovered isolate and
determination of its biovar (279). The reasons for this are many and include (though are
not restricted to) the search for the zoonotic source of the infection, epidemiological
investigation of outbreaks, monitoring the strains circulating in a particular geographic
area and their dissemination over time, differentiation between wild-type isolates and
vaccine strains, and the assessment of veterinary control programs. However, using
conventional phenotypic methods to differentiate between the different Brucella spe-
cies is a time-consuming and labor-intensive process demanding substantial manual
work with living bacteria, thereby entailing an unacceptable risk of laboratory-acquired
infection. In recent years, novel molecular methods that shorten the identification
process and enable precise identification of Brucella isolates are increasingly replacing
the traditional procedures for identification to the species level.

FISH technology. A fluorescence in situ hybridization (FISH) test targeting a segment
of the 16S rRNA gene and that facilitates rapid and specific detection of all human-
pathogenic species of Brucella has been developed (280). This molecular assay was
applied directly to positive blood culture broths from two patients with brucellosis and
allowed for the rapid and accurate identification of B. melitensis at a low cost, and it was
negative in blood cultures that grew a wide array of other bacterial pathogens.
However, targeting the “universal” 16S rRNA gene can be misleading because of the
low polymorphism of its sequence among members of the Brucellaceae family, and
thus, brucellae cannot be accurately distinguished from organisms belonging to the
closely related Ochrobactrum genus (281).

Nucleic acid amplification methods. A novel recA gene-based, multiprimer, single-
target PCR assay has recently been developed. It proved to be able to differentiate
between members of the genus Brucella and Ochrobactrum anthropi or O. intermedium,
although the test has a more prolonged timetable than the FISH method (282). A rapid
multiplex PCR assay for differentiation between the principal Brucella species patho-
genic for humans has been developed by Kumar et al. (283). In a preliminary study, the
novel assay was directly applied to positive blood culture broth or to isolated colonies,
and it successfully identified and differentiated B. abortus, B. melitensis, and B. suis in a
single test and in less than 2 h.

Bricker and Halling developed the “AMOS PCR” test to identify and differentiate four
terrestrial Brucella species, namely, B. abortus, B. melitensis, B. ovis, and B. suis (284). This
test was later expanded to also include vaccine strains. Other research groups have also
developed PCR-based NAAT assays for the rapid identification of the Brucella species
most commonly involved in human infections in a single test (285), as well as marine
species and the vaccine strains S19, RB51, and Rev1 (214). A multiplex NAAT developed
by Lépez-Goii et al. was evaluated in seven European laboratories using a varied and
wide panel of 625 Brucella strains. These included not only reference organisms but also
wild-type isolates from various geographical areas and strains recovered from different
animal species and human infections (215). The assay (Bruce ladder multiplex PCR)
proved to be species specific and produced reproducible results in all the participating
laboratories. Although the Bruce ladder multiplex PCR assay cannot differentiate be-
tween the species’ biovars, it proved to be simple, rapid, and safe (215).

In order to reduce cost and further simplify the typing procedure, SNPs characteristic
of five terrestrial Brucella species were identified through whole-genome sequencing
and used to construct a single-test-tube multiplex real-time PCR assay (286). The test
was validated with a collection of 135 Brucella strains, distinguishing the five target
organisms from other bacterial species within this panel. Although this multiplex PCR
high-resolution melting technology has some limitations, such as the reduced number
of targets that can be analyzed in a single reaction and the difficulty to use it directly
on clinical specimens, it has the important advantages of being technically simple and
rapid and entailing a very low risk of cross-contamination.
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Conclusions

Clinical Microbiology Reviews

NAATs, in any format, are more sensitive than conventional cultures and more

specific than the serological tests currently available for diagnosing both acute human
Brucella infection and its focal complications. The favorable features of molecular
assays, including their unequalled sensitivity, technical simplicity, speed, and safety,
make them a true alternative to the conventional culture and serological methods.

Given the exquisite sensitivity of real-time PCR assays, a positive test may not

necessarily imply an active infection but may be the mere detection of a minuscule
bacterial inoculum in frequently exposed but healthy subjects, DNA from nonviable
organisms, or remains of DNA present in circulating mononuclear cells in patients after
a successful treatment course. Accordingly, interpretation of results achieved by NAATs
should be carefully done, taking into consideration the clinical and epidemiological
setting involved. Therefore, no solid evidence exists to justify prolonging medical
treatment in asymptomatic patients who have a low bacterial DNA load in blood after
concluding therapy. Although no well-defined criteria presently exist to establish with
certainty the cure of human brucellosis, the quantification of the bacterial load by
means of Q-RT-PCR holds promise to do so in the future. Likewise, multiplex real-time
PCR assays are very useful for the identification and differentiation of Brucella species,

replacing the traditional, laborious, and risky phenotypic methods.
Unfortunately, the number of commercial NAATs currently available for diagnosing

human brucellosis is still limited. In addition, most of these tests have been evaluated
in only a small number of patients, usually employing whole blood samples, and no
extensive comparative studies of commercial kits and in-house PCR assays have been
published (260, 287). As no sufficiently validated commercial tests are available, achiev-
ing consistent and reproducible results between laboratories would require standard-
ization of the methodology, including the choice and conservation conditions of the
specimen and the optimal sample volume, as well as the DNA extraction process, the
molecular target selected, and the conditions of the amplification process.
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